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General Introduction 


American Chemical Society Series of 
Chemical Monographs 

By arrangement with the Interallied Conference of Pure and Applied 
Chemistry, which met in London and Brussels in July, 1919, the Amer- 
ican Chemical Society was to undertake the production and publication 
of Scientific and Technologic monographs on chemical subjects. At the 
same time it was agreed that the National Research Coundil, in cooper- 
ation with the American Chemical Society and the American Physical 
Society, should undertake the production and publication of Critical 
Tables of Chemical and Physical Constants. The American Chemical 
Society and the National Research Council mutually agreed to care for 
these two fields of chemical development. The American Chemical Society 
named as Trustees, to make the necessary arrangements for the publica- 
tion of the monographs, Charles L. Pareons, secretary of the society, 
Washington, D. C.; the late John E. Tccjde, then- treasurer of the society, 
Now York; and the late Professor Gollcrt Allcman of Swartlimore College. 
The Trustees arranged for the publication of the A.C.S. series of (a) 
Scientific and (b) Technologic Monographs by the Chemical Catalog 
Company, Inc. (Reinhold Publishing Corporation, successors) of New 
York. 

The Council of the American Chemical Society, acting through its 
Committee on National Policy, appointed editors (the present list of 
whom apjiears at the close of tins introduction) to select authors of com- 
])ctent aiitliority in their respective fields and to consider critically the 
manuscripts submitted. 

The first monograph of the series appeared in 1921. After twenty- 
three years of experience certain modifications of general policy are in- 
dicated. In the beginning there still remained from the preceding five 
decades a distinct though arbitrary differentiation between so-called 
“pure science” publications and technologic or applied science literature. 
This differentiation is fast becoming nebulous. Research in private enter- 
prise has grown apace and not a little of it is pursued on the frontiers 
of knowledge. Furthermore, most workers in the sciences are coming 
to see the artificiality of the separation. The methods of both groups 
of workers are the same. They employ the same instrumentalities, and 
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now frankly recognize that their objectives arc common, namely Uh 
search for new knowledge for the service of man. The officers of the 
Society therefore have combined the two editorial Boards in a single 
Board of twelve reprasentative members. 

Also in the beginning of the series, it seemed expedient to constnit 
rather broadly the definition of a monograph. Needs of workers had to 
be recognized. Consequently among the first one hundred monographs 
appeared works of the form of treatises covering in some instances rather 
broad areas. Because such necessary works do not now want for jiiib- 
lishcrs, it is considered advisable to hew more strictly to the line of the 
monograph character which means more complete and critical ti’calinent 
of relatively restricted areas, and wlierc a broader field needs coverage, 
to subdivide it into logical sub-areas. The prodigious expansion of now 
knowledge makes such a change expedient. 

These monogj'aphs arc intended to serve two ])rincipal purposes: first, 
to make available to chemists a thorough treatment of a selected ai'oa in 
form usable by persons working in more or less iim’elated fields to the end 
that they may correlate their own work with a larger area of jiliysical 
science discipline; second, to stimulate further research in the specific 
field treated. To implement this purpose the authors of monographs are 
expected to give extended references to the literature. Where llic liter- 
ature is of such volume that a complete bibliography is impracticable, 
the authors are expected to append a list of rcfci'cnoes critically selected 
on the basis of their relative importance and significance. 
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Foreword 


Tho pressing demands of war have always served as a stimulus to 
research and development in the field of Science, The recent conflict, com- 
ing as it did at the time of our entrance into what has been termed the 
^^Age of Science/^ imposed particularly heavy demands upon the technical 
ability of our scientists to discover and develop new instruments of war- 
fare and corresponding protective devices, « 

Our early experiments focused attention upon the desirability of de- 
veloping suitable methods for rendering military fabrics resistant to flame 
propagation. A preliminary survey of existing flame-retardant treatments 
indicated the need for basic research on the general subject of flameproof- 
ing. Roscarch has been defined as: "studious inquiry; usually, critical and 
exhaustive investigation or experimentation having for its aim the revision 
of accepted conclusions, in the light of newly discovered facts,” In nearly 
every instance the problems facing the Armed Services were approached 
along the avenues of research in the firm belief that herein lay the quickest 
and most satisfactory solution. Certainly, in the search for suitable 
methods of flaineprooling cotton fabrics intended for military usage, a 
thorough understanding of the fundamental mechantsms involved has led 
to a wholesome revision of previous concepts and a clearer recognition of 
the potentinlities of available processes. In addition to meeting specific 
military needs, the ro.scarches conducted rejiresent the first extensn'e 
study of the fundamentals of flameproofing and have laid a firm founda- 
tion u]>on which future investigations may be ba.scd. The success of the 
research programs undertaken is attributable to the cooperation and pefr- 
scvcrancc of those actively engaged therein, both m civilian and military 
capacities. 

In agreement with the proposition of Thomas Hobbes, that "the main 
juirposc of science is (he tying of facts into bundles,” it was felt that the 
experiments jierfprmcd and the findings thereof should be collected and 
jirosonied to the inicreslecl public With that in mind, this monograph on 
“Flamc{iroofing Textile Fabrics” was prepared 

Georges F. Doriot 
Bngadier General^ XJ S.A. 

DmetoVj Military Planning Division 

Office of the Quartermaster General 
I7ar Department 
Washington, D. C. 

March, 1947 
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Preface 



The need for practical methods of combating fabric inflammability was 
brought forcibly to the attention of many branches of the Armed Services 
upon our entry into World War II, Programs were initiated in many serv- 
ice laboratories with the intention of investigating the practical applica- 
tion of flameproofing treatments to various military fabrics. 

Initially, Quartermaster Corps activities in the field of flameproofing 
were concentrated upon the application of flame-retardant finishes to 
tentage duck. At the same time, similar programs dealing with the flame- 
proofing of fabrics were in progress in other service laboratories. The 
Army Corps of Engineers at the Engineer Board, Fort Belvoir^ Virginia, 
was engaged in the development of commercial as well as field impregna- 
tion methods for the treatment of camouflage netting. The Navy at the 
Industrial Test Laboratory, Naval Shipyard, Philadelphia, Pennsylvania, 
pursued a similar investigation of the flameproofing of life jackets. The 
Chemical Warfare Service Development Laboratories at the Massachu- 
setts Institute of Technology, Cambridge, Massachusetts, investigated 
suitable methods for the flameproofing of summer flying suits for Air 
Corps personnel. During the North African campaign it became apparent 
that fire-resistant finishes should be available for general use on clothing 
fabrics. 

In view of the fundamental nature of the research which it was evident 
would be required to attain a satisfactory solution of this problem, the 
Research and Development Branch, Military Planning Division, Office 
of the Quartermaster General, requested the National Academy of Sci- 
ences to initiate a research program. Accordingly, in October, 1943, the 
National Research Council of the Academy contracted with Columbia 
University for the establishment of a research project in the Department 
of Chemical Engineering on the subject “The Flameproofing of Army 
Clothing.^^ 

The results of these researches, conducted over a period of a little less 
than three years, are being made available to the general public in this 
volume. In addition, the report includes a great deal of related information 
on the general subject of flamfiproofing which was obtained through other 
Quartermaster Corps programs and research projects in other service 
laboratories. 

It is believed that making this information generally available will 
stimulate further research in the field, particularly that of a more funda- 
mental nature. Furthermore, it will greatly advance the knowledge of 
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other investigators worlting along the same lines, In this it should be 
possible to obtain^ within a relatively short time, even better flame-re- 
tnrdant finishes for military fabrics tlian are known today as a result of 
wartime researches. 

It was felt particularly desii’able to publish this volume at this time in 
order that the results of Uie various investigations might be recorded soon 
after completion of the experimental programs and to avoid any pos- 
sibility that the information would nob be disseminated in a consolidated 
form, Purthermore, recent legislation pertaining to the fire hns^ard of 
textiles now under consideration in various state legislatures as well as in 
Congress emphasizes the importance of making this material available as 
a matter of public safety. 

The subject matter of this book has been presented as a comprehensive 
survey of the subject of flameproofing textile fabrics rather than in the 
form of a technical report of the investigations carried out. The material 
has accordingly been divided into three general sections which consider in 
turn the fundamental mechanisms of the thermal degradation of cellulose 
and the chemical or physical phenomena of flameproofing; the methods 
employed in the processing and evaluation of flameproofed fabrics; and 
the various applications which exist for flame-retarding treatments in the 
field of textile fabrics. This type of presentation should enable the reader 
to become familiar with the types of retardants available, the function of 
those agents in the prevention of flaming and glowing, and the methods l)y 
which they are applied and evaluated before attempting to appreciate the 
differences in performance when applied to fabrics. 

Chapter I serves as an introduction to the subject of flameproofing An 
attempt has been made to clearly define tlie objectives of flnmcproofing 
treatments, the requirements which might be set up for an ideal treatment, 
and the variables influencing the effectiveness of a flameproofing agent. A 
glossary of terms has also been included with the intention that (.he con- 
fusion which currently exists in the nomenclature employed in discussions 
of flameproofing would be avoided, at least in the interpretation of the 
subject matter of this volume. 

In Chapter 11, the nature of cellulose is reviewed briefly followed by a 
thorough discussion of its normal degradation reactions. It was thought 
that this background was necessary in order to attack the more complex 
problem of high temperature degradation. The reader is then introduced 
to the thermal degradations of cellulose at elevated temperatures and the 
nature of the decomposition products obtained. The influence of flame- 
retardant materials upon the formation of these products is proposed as 
one of the priinaiy effects of flameproofing. 

The fundamental causes of the prevention of both afterflaming and 
afterglow arc considered in Chapter III, In this case the mechanisms 
which have been commonly proposed in the literature on the subject are 
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presented along with more recent theories which possess a firmer founda- 
tion in experimental faot. 

The purpose of Chapter IV is to thoroughly acquaint the reader with 
the test methods commonly employed in the evaluation of flameproofed 
fabrics. In some cases, the tests described are specific for fabrics intended 
for military purposes and would not be widely applicable in the textile 
industry, Many of the tests included, however, have been developed or 
improved in the course of war research projects and may warrant a more 
widespread usage. 

Chapter V is intended to present a survey of the general types of treat- 
ments available, the variables which exist in the application of these 
agents to the fabric, and the industrial processing techniques employed in 
commercial practice. The value of this section has been enhanced by the 
inclusion of adequate experimental data to illustrate the effects of the 
variables discussed. 

In Chapter VI, the relative efficiencies of many of the better available 
treatments are compared in regard to their suitability for use in the 
processing of military uniforms. The criteria employed include not only 
laboratory evaluation techniques but also practical wearing tests. 

A similar comparison of flameproofing treatments and their applica- 
bility for use on military fabrics other than articles of clothing is made in 
Chapter VII. Included in this group is a consideration of flameproofed 
tentage fabrics which probably represent the principal application of 
flamc-rctarding treatments in the textile industry to date. 

The final chapter on civilian applications (Chapter VIII) points to the 
need for an effective and durable flameproofing treatment. In addition, 
current restrictions and proposed legislation arc discibsscd along with the 
question of implied warranty. 

The book includes as many of the different flameproofing treatments 
and as much of the available data as could conveniently be considered. An 
attcinjit has been made to group the flameproofing agents according to 
the manner of their performance and select the data which would best 
illustrate the points discussed. 

Though the publication of information of this type in the form of a 
collaborative volume possesses many obvious disadvantages, the scope of 
the subject matter as originally envisioned and the time allotted for com- 
pletion made it highly impractical for any one person to write the book in 
its entirety. Furthermore, since the experimental work described was 
carried out in several different government and industrial laboratories, 
having one of the individuals closely connected with the original investiga- 
tion contribute the write-up of the experiments performed helps to insure 
that valid conclusions are drawn on the data obtained and serves as an 
acknowledgment of the contributions of the individual or organization. 

The selection of authors was generally made on the basis of those best 
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qualified and at the same time best able to submit their contributions 
within the allotted time. In many cases the task was difficult since many 
of the individuals considered were already overburdened with the respon- 
sibilities of their regular positions. The response to the invitations was 
gratifying, however, and those who refused were prompted to do so by the 
pressure of previous commitments. 

Since the majority of the work described was performed under govern- 
ment contracts and many of the contributors were in the employ of various 
government agencies, it was felt to be improper to allow royalties to accrue 
to the authors. Instead, all royalties have been applied to a reduction in 
the purchase price of the book. This is wholly in accord with the original 
objective of making the subject matter available to the greatest number of 
interested persons. 

The editor wishes to express his sincere appreciation to the several 
authors. In every instance they cooperated to the full extent of their 
ability despite other heavy demands upon their time. In addition, I am 
deeply indebted to the members of the editorial board who were mutually 
charged with the organization of the subject matter and selection of 
authors as' well as the editing and compiling of the manuscript itself. 
■Without the cooperative effort of tliis group the task would have been all 
but impossible. 

Special appreciation is due Miss Charlotte Yater whose familiarity with 
the subject matter considered rendered her particularly suited to the task 
of preparing and compiling manuscripts and also assisting in the reading 
of proof. 

The preparation of the subject index was carried out by Miss Cynlliia 
Bcrlow. 

Graphs and illustrations in the text were prepared by Prof. Frank II. 
Lee of Columbia University. 

Grateful acknowledgments are extended to the many others who have 
contributed to the preparation of this book in any way and to tliosc 
individuals to whom wo are all indebted for carrying out Uio actual labora- 
tory investigations. Special mention should be made of Dr. Milton Harris, 
Dr. M. W. Sandbolzcr, and Mr. K. S. Campbell who contributed advice 
and criticism on the contents of some sections. 

Further acknowledgments are also due to many individuals in the II c- 
scarch and Development Branch of the Office of the Quartermaster Gen- 
eral and to tlie National Ecsearch Council Committee on Quartermaster 
Problems of the National Academy of Sciences for their interest and 
cooperation. 

Egbert W. Little 

New York, New York 
Jxme, 1047 
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Chapter 
Flameproofing Pefined 

James M. Church 

Development o£ FIameproofing» Ever since the beginning of man, 
he has boon actively engaged in seeking improvements in his existence 
both from a personal standpoint as well as in the interest of the welfare 
of others, Included in inan^s pursuit of happiness down through the ages 
has been his j^ersistenb search for some means of combating fire, which 
has destroyed some of his most priceless possessions and at times has left 
him destitute, causing loss of life, home and property. During the advance 
of the civilization of man we note his progress in this respect, mainly 
tliroiigh methods of control. The first attempts were confined to the de- 
velopmcnl and use of materials which would withstand the action of fire 
and Imve finally culminated in the construction of our present-day fire- 
jiroof buildings and structures. Of the many fire-resistant materials dis- 
covered and perfected by man, none have been found suitable for protec- 
tion in the form of clotliing. The natural fibers which have been used for 
ages, spun and woven together into fabrics, arc all combustible to varying 
degrees, but otlierwise possess those characteristics of warmth, wear, flexi- 
bility and beauty wliich arc paramount for clothing purposes. With the 
advent of man-inadc fibers, it has been the aim of the scientist to perfect 
the ideal fiber which also includes the desired fire-resistant qualities. In 
some respects this has liccn accomplished to the extent of developing 
syntlietic fabri(“s of miicli greater resistance to lire than some of those 
made from natural fibers, 

Tlic recent world war with its holocaust of destruction by fires originat- 
ing from incendiaries, flame throwers and the use of highly combustible 
fuels brouglit about a greater renewed effort by the scientists to find better 
means of iirotcction against fires wliich cause ignition of the clothing and 
result in burn casualties. The modern type of warfare with its mechanized 
ai'mored machines brought with it new dangers to the military personnel, 
which in the early days of the war resulted in high loss of life and dis- 
abilities. 

The results of scientific researches carried out during war times for the 
protection of military personnel inevitably find ready uses in the peace- 
time civilian life to follow. This will undoubtedly be true in the case of 
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flameprooling. Local, state and federal legislation in the interest of publi< 
safety are already demanding greater Arc protection from the use o 
clothing and interior fabrics, in order to avoid the calamities which ar( 
reported almost daily in the press due to injuries sustained from fires 
originating from combustible fabrics. In this modern scientific ago man is 
now prepared to offer some definite solution to this perplexing problem, by 
incorporating with the fibers chemicals which will greatly retard their 
combustibility and thus prevent ignition of the fabric. 

What Is Flameproofing? The term 'Tamcproofing^^ would imply tlm 
employment of some method to prevent the ignition of a combustible 
material, thus restricting its destruction by flame. However, throughout 
the literature on this subject, there is still considerable confusion between 
such terms as "fireproofing/^ "flamcprooflng/^ "flame-resistant/’ "non- 
glowing/^ etc., even to the extent of using some of these interchangeably. 
Since there exist degrees of combustibility of materials, it would seem 
best to define these in a general way to limit the degree of combustion 
within a specified range. When describing a material as "fireproofed," the 
use of this term should convey the meaning of total resistance to destruc- 
tion by fire and should not be used with any of tlie lower fire-resistant 
types of materials. Likewise in the case of a material which docs not with- 
stand the action of fire without some change in its physical state, but docs 
prevent self-combustion once the igniting source has been removed, the 
term "flameproofed" would be applicable in its description. The lesser 
fire-resistant materials which do not burn too readily may likewise be 
characterized as "flame-resistant," 

One characteristic of cellulosic materials different from most combus- 
tibles is their tendency to be consumed, after the flame has been extin- 
guished, by a glowing, non-flaming type of combustion. This raises the 
question in characterizing the inflammability of combustiblo types of 
cotton goods whether one should not differentiate between flaming and 
the glowing tendencies during combustion of the fabric. In the case of 
certain flaineproofing treatments which have been applied to the fabric in 
order to reduce its susceptibility to combustion, it is possible to render the 
elotli fairly flame-resistant and yet it will be consumed by an afterglow 
which persists even after the source of the heat or flame has been removed 
In some respects this afterglow may prove to bo of more serious conse- 
quence than the flaming usually associated with fires. Tlie heat rc.sulting 
from afterglow is in most cases more intensive than the flame, resulting in 
serious damage and injury, besides the possibility that it might produce 
renewed flaming. Therefore in the use of the term "flameproofing” as ap- 
plied to fabrics, it should imply not only resistance to continued flaming 
but also include the absence of any afterglow. In other words, both non- 
flaming and non-glowing should be included in the term "flameproofing” 
when used to characterize any cellulosic or otlier material capable of 
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being consumed by a glowing type of combustion. For a practical use of 
this term^ in evaluating such materials, it is desirable to define the amount 
of aftorfiaming and afterglow, rather than attempt to make its use limited 
to those materials which exhibit absolutely no tendency toward either, 
since in most instances a slight amount is evident but does not persist for 
any appreciable time. 

Furthermore, in carrying out flame test measurements of fabric com- 
bustibility, the recognition of a slight afterflame or afterglow is often de- 
pendent upon the person performing the test. A flame or glow of a fraction 
of a second^s duration is often confused with optical after-images or with 
the light emanating from the incandescent carbon filaments during the 
brief cooling period. The latter phenomenon should not be confused with 
the progressive, exothermic oxidation of the char. 

For these reasons a fabric is regarded as flameproof ed if it shows no 
afterflaming of a measurable amount, and no afterglow in excess of four 
seconds after the flame has ceased. To differentiate between fabrics which 
may be resistant to one but not to the other, the terms "flame-resistant^' 
and "glow-resistant” may be applied individually, but should be further 
characterized by denoting, in terms of seconds' duration, the degree of 
resistance offered in both respects. 

Classification of Flame Retardants. Since flameproofing agents are 
chemical substances it is only natural that any attempt at a classification 
would include a grouping according to similarities m their chemical struc- 
ture. This would permit listing various types of phosphates, sulfates, 
Imratca, sulfamates, salts of zinc, antimony, tin, or other similar com- 
pounds together for a convenient chemical classification This, however, 
is found to be of little use from a practical standpoint since various com- 
pounds of the same type behave entirely differently as fire retardants. 
This is brought out forcibly m the comparison of the various phosphates, 
which in the case of the weaker basic salts are efficient flaineproofing 
agents but with the stronger basic salts such as tri-sodium phosphate or 
the more insoluble metallic phosphates the latter are very ineffective 

From tlic preceding discussion of the terms to be applied in characteriz- 
ing fho degree of flaineproofing to be obtained by the use of various re- 
tardants, one might be inclined to group the flameproofing agents into 
classes according to whether they exhibit complete flame and glow-retard- 
ing tendencies, or perhaps only a partial flame and glow resistance. Such 
a classification leads to confusion in borderline cases of retardants which 
under some circumstances may be effective flameproofing agents when 
employed in certain combinations, but which under less favorable circum- 
stances offer only a weak resisting action toward the combustion of the 
fabric by flame or glow. Unless a close distinction is permitted in the re- 
quirements set up for the various classes, it would be likewise rather diffi- 
cult to determine whether a given retardant is of the "flameproofing” or 
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the ^'flame-resistant'' type, in such borderline cases. Therefore any da? 
sificntion based upon the performance of a flam e-retard an I chemical miu 
be restricted to a general grouping and as such becomes useful in clmi 
actcrizing the various agents according to whether they possess good flame 
proofing or glowproofing qualities or whctlier they arc of the milder typ 
of ilamo-rcsistant or glow-rcsistant agents, 

One of the most useful classifications for a practical flameproofiiig o 
texlilc fabrics is one which is not based on their relative effectiveness, bu 
rather upon tlieir durability in offering continued resistance to the inflam 
inability of the fabric during its use. Any worlhwlule commercial treat 
ment would require not only an initially effective flamcproofing but oir 
which would be capable of some resistance toward any action tending t( 
remove it or destroy its effectiveness, Such a classification would i)crini 
listing the different flameproofing agents or treatments as cither (1) tern 
porary, (2) semi-durable, or (3) permanent. The first class would include 
the water-soluble retardants, which for the most part are higlily cflicicn' 
but are readily removed by a simple immersion in water^ thus dostroyiiii: 
their effectiveness. The second class, on the other hand, would include 
those capable of withstanding the action of a water leach but whicli arc 
easily removed or destroyed by stronger solutions of salt or soa|i as oiv 
countered in sea water immersion or laundering operations. The last and 
more durable type are those agents which will resist the action of tlic 
stronger leaching solutions within a reasonable degree and therefore, with 
certain precautions as to tho severity of the treatment, can be depended 
upon to offer continued protection to tho fabric in preventing eojnplelc 
combustion by flame, Standard teaching tests arc now available for evalu- 
ation of tho various flamcproofing agents according to their permamnu^y 
as defined above. This is aceomplishod by merely limiting the typ(' of 
leaching solution for the throe classes to (1) ordinary tap water, (2) di- 
lute salt and mild neutral soap solutions, and (3) common coinmer(ual 
soap solutions as employed in commercial laundering practice. The exact 
conditions of each leaching test can bo readily defined in terms of ivm- 
perature and duration of leach required before effectiveness of the flunu’- 
proofing is impaired. 

Further considerations of a suitable classification of flame rotanlanls 
might well include some specification of requirements based upon the ef- 
fectiveness obtained from a given amount of tho chemical, or the reverse 
in terms of the quantity of retardant necessary to produce a given degree 
of flameproofness. The latter is perhaps tho most convenient standai'd to 
adopt since it offers a suitable comparison of the relative effectiveness of 
the various agents on a weight or per cent add-on basis. Minimum require- 
ments for effective flamcproofing agents can therefore be established in 
terms of the add-on required to produce a minimum aflerflaming, after- 
glow and resulting char area as measured by tho standard flame tests. 
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Formerly, the flame test requirements for treated fabrics in general al- 
lowed for a short two-second afterflaming and a maximum char length of 
3.5 inches but no measurement of afterglow was made. More recent de- 
vclopmcntSj particularly in the adaptation of flameproofing treatments to 
clothing fabrics, whore the performance requirements miglit well be more 
severe, have necessitated raising the flame test specifications. 

In the case of the Vertical-Bunscn burner flame test the standard re- 
quirements for acceptable treatments have now been established as (1) no 
afterflaming, (2) less than 4 seconds' afterglow, and (3) less than 3.6 
inches of char length. In adhering to this specification in adopting the 
45® -Microburner flame test as the preferred standard, the requirements on 
a comparative basis would be much the same, namely, (1) no after- 
flaming, (2) less than 4 seconds' afterglow, and (3) less than 2.5 square 
inches of char area. The quantity of retardant required for the treatment 
of a fabric to meet the above flame test specifications might then be con- 
sidered as the ^^minimum effective add-on” and could be used for com- 
parative purposes in the evaluation of flameproofing agents. 

Other Factors Affecting Flameproofing Efficiency. In addition to 
the clloctivcness of the fire retardant as discussed in the foregoing section, 
ilicre arc several other factors which greatly affect the efficiency of the 
flanicproofing treatment. The first of these is the type and structure of 
ilui fabric to be treated. The majority of the considerations of this volume 
liavc been confined to the flameproofing of cellulose fabrics. Tins type of 
fal)nc constitutes the great majority of the textile fabrics either in the 
foi'in of cotton gof)ds or the regenerative type of rayon Furthermore, ccl- 
luh)s(‘ is one of the more combustible types of fiber and would therefore 
warrant more serious considerations of possible methods of flameproofing 
tlian pLM’liai)s most of tiie other fibers However, this docs not preclude the 
possibility that many of the treatments discussed here arc equally ap- 
plicable to fabrics woven from other natural or synthetic fibers Since, 
however, tlic mechanisms governing flameproofing phenomena arc con- 
cei-ned chiefly with ehcmical reactions involving pyrolysis and combus- 
tion, it is logical to conclude that changes in the chemical structure of the 
fiber might well radically alter either the rate or direction of the reaction 
ami result in less effective flameproofing with a given retardant or treat- 
ment, For this reason the processing of other types of fabrics for an effi- 
cient flameproofing may present an entirely different problem which may 
or may not require a different method of approach for solution. 

In similar fashion, variations in the weight and weave of the fabric 
introduce corresponding variables in application of effective flameproofing 
agents. In the case of cotton goods, these factors concern themselves 
mainly with the amount of retardant required and the conditions for ap- 
]flication for an effective flameproofing treatment. This conclusion is based 
upon the fact that the components of cellulose and fire retardant are com- 
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mon to all types of cotton fabric, and if intimate contact of the two is 
obtained in the treatment, the underlying requirements of the flame- 
proofing mechanisms arc satisfied. 

Another of the factors affecting the degree of flameproofness obtained 
from a given fire retardant is inferred in the above discussion. This is 
concerned with the conditions employed in the treatment of the fabric 
with the flameprooflng agent. From a consideration of the mechanisms 
evolved for explaining flameproofing phenomena it would follow that the 
main object of any treatment should be to achieve a uniform and intimate 
distribution of the retardant within the fabric in close contact with the 
individual fibers. This is evident from the fact that the water-soluble 
agents afford a maximum deg^i’ce of fiameproofing with a minimum amount 
of retardant. Here the highly dispersed solution of the agent permits a 
complete and thorough distribution of the chemical within the fabric 
structure. In the case of the less soluble retardants, the large particle sizes 
very definitely limit the possibility of uniform and intimate clistribulion, 
and this is accountable, at least in part, for the fact that much greater 
amounts of these agents are required to obtain an equally effective treat- 
ment. Therefore thoughtful consideration sliould be given in the applica- 
tion of any chosen flameprooflng agent to a given fabric which will include 
a selection of the best conditions and methods possible for the treatment 
in order to achieve this ultimate object. In many instances the only ap- 
proach, with due regard to the physical properties of the fiameproofing 
compound, is one of a systematic investigation of the variables to be en- 
countered in the treatment or method by trial and error typo of experi- 
mentation, 

Most of the treatments and field tests reported here were made with an 
8,5-oz. olive drab herringbone twill which constitutes a high percentage of 
military uniforms in the form of combat and fatigue suits and coveralls. 
In investigating the effects of the added ingredients of dye, sizing and 
extraneous matter occurring in the finished cloth it was found that these 
were mainly of a minor consequence in the effectiveness of the flame- 
proofing agents, provided the treatment allowed for an intimate and uni- 
^rm distribution of the agent, Actually in testing grey goods, dyed goods 
and sized fabrics, these ingredients were found to contribute sliglitly to 
the fiameproofing qualities of the treated fabric. In other words, Urn 
natural pectin, wax or resin present in tlic original fabric, or the added 
dye and resin employed in the finishing of the fabric arc in reality flame- 
proofing agents of a low order, These substances, however, interfere in 
some instances with the cfTectivcncss of the treatment by rendering the 
fabric less acceptable to the flameprooflng agent. This is particularly true 
in the case of sizing components whieh in most cases should be removed 
by a preliminary desizing treatment prior to the flameprooflng treatment 
in order to prepare the fabric in a more absorptive state, After the flame- 
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proofing treatment the sizing may be restored for efifeoting 
cloth but should be applied in such a way as not to disturb 
tion of the flameprooflng agent* 

In many regards the 8,6-oz, desized herringbone twill offers an excellent 
type of cotton fabric for adoption as the standard for evaluation of flame- 
proofing treatments. Its texture and weight may be considered as typical 
and representative of the majority of cotton fabrics for consumer use. It 
is therefore suggested that this type of cotton cloth be adopted as the 
standard testing fabric for all flameproofing specifications in evaluation 
tests. 

Ideal Characteristics of Flameproofing, The most desirable flame- 
proofing agent would be one which could be easily applied to a fabric, 
preferably in a finished form ready for use, and would render that fabric 
permanently flameproofed without appreciably altering the fabric char- 
acteristics for consumers^ use. This definition of an ideal flameproofing 
agent might at first glance not appear too unreasonable but further analy- 
sis would show it to be highly idealistic in view of present-day facts con- 
cerning flameproofing. And yet it serves its purpose in presenting an ulti- 
mate specification for flameproofing, which will challenge those attempt- 
ing improvements toward a more satisfactory solution of this problem. It 
is not wholly improbable that such a flameprooflng agent may some clay 
be discovered; for science docs not recognize any situation as being impos- 
sible regardless of its difficulties. Only by means of a thorough under- 
standing of the problem in all of its aspects will scientists of the future 
achieve this coveted goal, and it is to this purpose that the following dis- 
cussion of the fullest meaning of these ideal specifications is dedicated. 

Ease of application has been the one requirement, in addition to a high 
<lcgrcc of effectiveness, that has made the water-soluble agents so popu- 
lar, even though they are readily removed by the slightest leaching action 
and are apt to ])roduce a deleterious effect to weaken the fabric strength. 
In terms of permanency, the better of the agents are the most difiicult to 
apply, which would make it appear that ease of application and per- 
manency do not go hand in hand The requirement of durability includes 
many factors and is not confined to launderability alone although this 
factor has been of major importance. Permanency against the conditions 
of aging and storage and against the action of salt spray or salt water is 
somclimes more difficult to attain with certain agents than protcclinn 
against laundering. Excessive humidity and temperature, as cncouiUerod 
in tendering tests, may tend to destroy the flameprooflng treatment, ns 
well as impair the strength of the fabric through the decomposing action 
of the agent. In the application of the more permanent types of flamo- 
proofing agents, it has been found necessary to employ an excessive 
amount of the retardant in order to obtain an effective treatment. In 
doing so, not only is the weight of the fabric increased appreciably but 
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usually the hand is greatly impaired. As might also be expected in such 
cases, excessive amoimts of the treatment may affect the permeability of 
the fabric. In this regard both air and vapor transmission arc iinporlant, 
otherwise clothing fabrics are certain to produce discomfort to the wearer 
by causing excessive heat loads for lack of proper heat transmission. In 
most cases of clothing fabrics, nontoxicity of the chemical retardant is a 
necessary prereqjuisite. Not only must the treatment not contain harmful 
chemicals but the treatment itself must not induce any harshness to the 
fabric finish which might cause a rash or dermatitis condition upon the 
skin of the wearer. Since textile fabrics for consumer use require other 
treatments and finishes, any acceptable flameproofing treatment must bo 
compatible with the others. In the matter of eflicient flaTneproofing from 
the usd* of chemical retardants, only those which will limit the inflam- 
mability of the fabric to the extent of no afterflaming and a minimum of 
afterglow can be regarded as of major importance. An added requirement 
might also include that the char resulting from the limited combustion of 
the fabric be of a substantial type which will contribute some protection 
against further exposure to the flame source, Such chars have been shown 
to offer n considerable degree of insulation, 

In summary, the following requirements should bo considered in the 
selection of any flamcprooflng agent or treatment: 

1. A minimum effective add-on to avoid both an excessive increase in 
the weight of the fabric and the imparting of a poor hand to the fabric. 

2. Means of easy application to the fabric, which may permit its use 
directly with garments or consumer goods. 

3. A reasonable permanency of the treatment toward the leaching 
action of water, salt and soap solutions, and dry-cicaning solvents. 

4. Freedom from any deleterious action upon storage or during condi- 
tions of use which may cause a decrease in tlic fabric sircnglli ihi’oiigli a 
tendering action. 

5. No appreciable decrease in the permeability of the fabric as meas- 
ured by both air and vapor transmission, 

6. Compatibility of the treatment with other treatments used in the 
finishing of the fabric, 

7. Avoidance of any physiological action of the retardant on the skin, 
both in the treatment and wear of the fabric. 

8. A flameproofing efficiency which prohibits the propagation of any 
flame and any appreciable afterglow, resulting in a charred fabric which 
still retains considerable of its strength characteristics. 
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Glossary of Flameproofing Definitions. The following general torras; 

to be encountered throughout this volume, are listed here with their defini- 
tions for a ready reference and a better understanding of the full meaning 

of flameproofing as discussed in the following chapters of this book. 

Add-on — Weight increase of fabric due to absorbed flameproofing agent 
or solution after treatment. Usually applied to the dry weight basis, 
otherwise termed ^'pickup.^^ 

Afterjlanie — The time in seconds which the fabric flames after the source 
of flame has been extinguished. 

Afterglow — The time in seconds which the fabric glows after all flaming 
has ceased. 

Char Area — The blackened area resulting after all flaming and glowing 
have ceased. Usually well defined and easily measurable by use of a 
]flanimeter. 

Char Length — Used only in the Vertical flame tests and represents the 
furthest distance of the damage caused by flaming or glowing as meas- 
ured from the originating point of the flame or lower edge of the fabric 
strip. 

Covibii^tion — Chemical decomposition caused by a combination of the 
substances with oxygen causing evolution of light and heat in a burning 
reaction. 

Fabnc ]VeiQht — Expressed in ounces per square yard. 

Fill — Threads of the weave of a fabric which are at right angles to the 
selvage. 

Flame Retardant — A material which imparts resistance to afterflamc to 
the fabric. 

Flame Test — Standard procedures employing different types of flame for 
testing the flameproofness of a fabric. 

Flameproofed Fabric— A treated fabric whirli exhibits appreciable re- 
sistance to both afterflamc and afterglow in the standard flame tests 

Flameproofing Agent — material which imparts resistance to both after- 
flamc and afterglow to tlie fabnc. 

Flame-resistant Fabric— A fabric treated as to inhibit afterflaining in the 
slandard flame tests. 

Glow-resistant Fabric— A fabric treated as to inhibit afterglow in the 
standard flame tests. 

Gloio Retardant — A material which imparts resistance to afterglow to the 
fabric. 

Heat Load — Excessive accumulation of body heat. Usually measured by 
increase in sweat rate, pulse, and body temperature. 

Ilemngbone Twill — A weave characterized by diagonal lines produced 
in a ribbon effect by a series of floats or skipped threads staggered in 
the direction of the warp. 
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Minimuin Flameproofing Reqidrements — treatment which provides no 
afterflame, less than 4 seconds^ afterglow, and char length or char area 
of less than 3.5 inches or 2,6 square inches respectively by the Vortical- 
Bunsen burnei* and the 46 ‘’-Microburner teste. 

Pickup — Weight increase of a fabric following treatment, Usually em- 
ployed for a wet weight increase. 

Pyrolysis — Chemical degradation caused by the action of heat. May bo 
accompanied by combustion if carried out in the presence of air. 

Sizing — Any added material which imparts body to a yarn or fabric. 

Tendering Action — ^Any effect of the chemical agents used in the treat- 
ment of a fabric, or conditions of exposure of the fabric which will result 
in loss of fabric strength. 

Warp — ^Threads of the weave of a fabric which arc parallel to the selvage 
edge. 


Chapter II 



Pegradation of Cellulose 


Prior to considering the reactions occurring in the flaming of cellulosio 
materials or the' mechanisms by which that combustion may be prevented, 
it is desirable to review briefly the chemical nature of cellulose and its 
behavior under normal conditions. 

It should be borne in mind that in considering the flameproofing of 
cotton textiles one is dealing with the chemical treatment of a very com- 
plex polymeric material. In order to properly interpret the behavior of 
flame-retardant materials and also the performance of flameproofed fab- 
rics it is essential that one consider carefully the known reactions of cellu- 
lose under the influence of acids, bases and’ oxidizing materials, A clear 
understanding of the causes and mechanisms of the hydrolytic and oxi- 
dative degradations of cellulose will contribute considerably to an under- 
standing of the changes observed in the course of thermal degradation 
Fiirtliermorc, the jierformance of treated fabrics in the course of normal 
use and storage under various environmental conditions can be intcr- 
jireted only on the basis of the known reactions of the cellulose molecule. 

Accordingly, the following sections have as their purpose a thorough 
presentation of the basic structure, fundamental properties and known 
reactions of cellulose. 


A. NATURE OF CELLULOSE 
Henry A, RiUherford 

1. Occurrence and Structure op Cellulose 

Of all the organic compounds which are found m nature, the material 
called cellulose is the most abundant. As the name imiilics, it is the chief 
constituent of the cells of plant tissues, and as a result it is widely dis- 
tributed throughout the world Not all naturally occurring cellulosic ma- 
terials, liowcvcr, arc of the same content of cellulose. Some fibrous plant 
tissues, notably ramie and cotton, contain a high percentage of the mate- 
rial, while substances such as wood may contain as little as 40% of cellu- 
lose. The non-cellulosic constituents consist principally of lignins, pectins, 
fats and waxes. 
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DEGRADATION OF CELLULOSE 


The principal sources of the natural cellulosic textile fibers are the seei 
hairs and the bast fibers. The most important seed hair is cotton an( 
among the bast liters are flax, jute, hemp, and ramie. Dilfcrences in th 
nature and content of both the cellulosic and non-cellulosic constituent 
determine, to a large c.xtent, the liber chosen for n particular use. Thus 
cotton, which is fairly high in cellulose content and which is easily purified 
finds use in fabrics for clothing, Avhile ramie, although it contains a higl 
quality cellulose, is brittle, inelastic, and purified with great difliculty 
finds extremely limited use as o textile material. It is considered beyone 
the scope of this writing to delve further into the various sources, prop- 
erties and uses of all the vegetable tissues which contain cfellulose; a com- 
plete description of these aspects may be found elsewhere.^ 

Because of its abundance and high degree of purity and the ease ol 
removal of non-cellulosic substances therefrom, the cotton fiber has beer 
the source of cellulose for most investigations dealing with the chemistry 
ol this complex material. The exporiincntal cviclcncc at hand indicates 
that indeed there are no clifTerenecs in chemical properties of purified 
eclluloso from various sources, although there may bo dilforcnces in rales 
of reactivity of the groupings brought about by certain dissimilarities in 
physical structure, 

The native or raw cotton fiber consists of a primary and a secondary 
wall. The latter, which comprises the bulk of tlie fiber and the backbone of 
textiles made from cotton, consists practically entirely of cellulo.se. This 
secondary wall is enclosed by the thin so-called primary wall made up of 
fine criss-crossing strands of ccllulo!3o embedded in a membrane formed 
principally of wax and pectic substance, the latter oombinod with culiona 
such as calcium, magnesium, sodium, potassium, iron, and aluminum. 'Plio 
lumen, or central canal, which is prominent in many fibers, also contains 
a small amount of these non-cellulosic constituents. The microscopic sti-uc- 
tiiro is rcvenlod in Figures 1 and 2, which show cotton -fib or.s in longitudinal 
and cross-sectional view, respectively.* 

’ During manufacturing, more or less of the non-cellulosic materials may 
be removed from the raw fiber depending uiJon the severity of the i)roccsa 
employed. In the preparation of a fabric such ns licnvy duck for laipaulins 
or awnings, the cotton itself is subjected to no chemical processing what- 
soever and the resulting product contains, for all practical purposes, raw 
cotton. On the other hand, fabrics for clothing, for reasons of case of 


^"Colhilosp nnd Cellulose Derivatives,” cclilctl by Emil Oil. In teraeieiico Pub- 
lishcis, Ino. (1943). 

"Cellulose CItcmistiy,” Emil Houser. John Wiley A Sons, Ino, (1044), 
"Introduction to the Chomislry of Cellulose,” Mai-ali niicl Wood. Clmpmnn & 
Hall, Ltd, (1042), 

= IIock, C, W., Rntamy, R. C., and Harris, M., J. llosoarch Nat'l Bur. Standards, 
26, 93 (1041). 
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Figuic 2. Cio>5> seolioD of cotton (ibow swollen in dihito cnpruininoniinn Iiy(li‘oxitl(‘ 
solution to show ‘^giowth rings.” A and B arc 26-ilay niu! imiiuro fibers, icbpoctivoly. 
Magnification of A, x925; of B, x400, Uhekt liamscy and //arm“) 
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dyeing, fastness of color, etc., are thoroughly kier-boiled, bloaoheci, soured 
and soaped, and the finished product is practically pure cellulose. The 
properties of cither type of end product are, of course, intimately asso- 
ciated with the nature of the cellulose, and any changes in the latter 
brought about by one treatment or another are usually revealed in a 
change in properties of the fabric. 

As early as 1842, it was recognized that cellulose was a constituent of 
wood, cotton lint, roots, and various other fibrous tissues, and that it was 
closely associated with the dextrorotatory sugar, glucose. Elementary 
analysis indicated the empirical formula CaHioOu and hydrolysis with 
mineral acid gave yields of glucose to the extent of at least 95% of the 
theoretical, assuming the conversion 

(CdHioOOn— >-n(ani30s). 

Without going into the details and experimental proof of the striictiire 
of cellulose,^ it suffices to say that all evidence points to the formula 



Molecular foryriula foi ccHuIohc 


in wdiich a large number of p-glucoso units arc joined together by means 
of oxygen bridges in the manner sliown. These are referred to as 1, 4-glu- 
cosidio linkages, and arise by the elimination of the elements of water 
between the hemiaceinl group on carbon atom 1 of one unit and the 
hydroxyl group on carbon 4 of tlic adjacent unit. The letter n denotes 
the number of anliydro-glucose residues which occur between the two 
ends of the cellulose chains. Tins number is by no means a fixed one and 
in the various types of native cellulose it ranges from averages of about 
1500 to 3000. The total number of units in a cellulose cliain is referred to 
as its degree of polymerization (D.P.). This number may be calculated 
by dividing the molecular weight by 162, the weight of an anhydro-glucose 
residue. The cotton fiber, or any ccllulosic fiber, however, docs not con- 
tain a single chain, but is a composite of many chains wdiich are most 
probably of dilTercnt lengths. It is therefore heterogeneous with respect 
to molecular size, or polymolecular. Thus, when reference is made to the 
degree of polymerization of a ccllulosic material, the value represents 

® This may bo found in review form in a paper by Freudenberg, K,, and Blomquist, 
C., Ber., 68B, 2070 (1936). 
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the average length of the many chain molecules of which it is comprised. 

There are a number of methods available for the determination of the 
molecular weight of eellulosic materials. The classical ones used for low- 
molecular-weight organic compounds, however, cannot bo applied and 
recourse is had principally to the viscosity, osmotic pressure, or end- 
group methods. The first of these, ie., the property of viscosity, is deter- 
mined by the dissolution of the cellulose in a suitable solvent, usually 
cuprammonium hydroxide, followed by^an ordinary viscoraclric measure- 
ment. The viscosity method is a relative rather than an absolute one and 
requires calibration. At the present time, the most reliable procedure 
for this purpose appears to be ultracentrifugal analysis. Thus, Kraemcr * 
showed that the weight-average molecular weight ns determined by the 
ultracentrifuge was proportional to the intrinsic viscosity for cclluloso 
and some of its derivatives, and derived constants which could be used 
for the calculation of molecular weight from viscosity. (Eecent work by 
Gralen indicates that for eellulosic materials of very high molecular 
weight, a strict proportionality between intrinsic viscosity and molecular 
weight does not apply.) The osmotic pressure method at present is prac- 
tical for use on derivatives of cellulose only. The end-group procedure in- 
volves the determination of the quantity of either tho aldcliydo groui^s 
which occur at one end of the cellulose chains, or the letrnhydroxy glu- 
cose residues which occur at the other (sco formula, page 15 ). 

Since each of the above properties, ie., viscosity, osmotic prcssiirc, or 
end-group content is a function of the average molecular weight, tlio.'^e 
quantities are useful in determining the extent of degradation of nollulose 
brought about by various treatments. Each raolhocl, however, has oorfain 
limitations. These will be discussed as tho occasion arises. Tor llm most 
part, the viscosity of cellulose in cuprammonium has been II ic most jirnc- 
tical method for the evaluation of molecular weight. 

It is not surprising that rather wide variations in molecular weights of 
native celluloses have been found. In general, the highest values nrc ol)- 
tained by ultra-centrifugal methods, and the lowest by end-group mcLliods. 
A critical comparison of all the different procedures is not possible, how- 
ever, since the methods have been applied to different jirndiicls. 

The manner in which the cellulose chains nrc arranged in a fibrous ma- 
terial, i.e., the nature of the molecular strucluro, has been a matter of 
controversy for some time. Notable contributions in this respeot liave 
been made by Sponsler and Dorc,* Mark,® and Meyer and Miscli.'' Tlio 


^Kraemer, E. 0., Ind. Eng. Chem., 30, 1200 (1938). 

‘Sponsler, 0. and Dore. W. H., Fourth Colloid Symposium Monograpli, 
Chemical Catalog, New York (1926). 

6i°Mrnow^ - 

9 ’’ ^•> Ohem., B36, 120 (1037), 

Meyer, K, H., and Misch, L*, Helv, Ckim, Aotaf 20, 232 (1037), 
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generally accepted picture at the present time is represented in Figure 3. 
It is seen that the fibrous structure is made up of molecular chains of 
various lengths lying roughly parallel to the liber axis, and that in some 
regions they lie more closely together and possess a higher clogree of order 
than in others, Regions of close lateral packing whore the chains are par- 
allel are designated as ^^crystallinc/^ and these arc differentiated from 
amorphous areas which possess a lesser degree of order. The former pro- 
duce the characteristic x-ray clilTraction pattern of cellulose, while Lho 
latter introduces the general fogging which is almost always in cvidcnco. 
Although- it is not possible to draw a sharp line of demarcation between 
these two phases because of the merging of one into the other (brought 
about by the continuity ‘of the cellulose chains), the bulk of most natural 
ccllulosic libers is thought to be ^^crystalline ” Attempts have been made 



Figure 3. Schematic ropir.^cntation of celluloso ciy«taIlito nlrucUiro .hIi owing ]io\v 
iimin valonec chaim pass through more than one mioelle (fringo tiiioolhir Ihcojy). 
{Ma)k 

(it molecular ends inside the ciystalliml region of one niiccllo, b, inulcrulc' 

end outhulc the crysUrllized region j length of crybliillizod region. 

to cstiiiiato the proportion of each by methods involve the ease of 

reactivity of various clieinicai agents with the fibmuh nialerial” an<l, us 
might be expected, the values which have been obtained vary with llic 
method employed. 

Certain of the physical properties of fibers arc behoved to be related to 
the relative ])ro[)erties of crystalline and amorphous cellulose iircscnt, Vov 
example, tlie strength is conlnbutcd primarily by the more highly eryslal- 
lized areas. The presence of a large proportion of the latter also leads to 
brittleness. On the other hand, there is ample evidence to indicate that the 
amorphous portions contribute principally to elasticity, and arc involved 
in swelling, dyeing, and phenomena of a similar nature.^ These less highly 
organized areas presumably react more readily witli most chemical agents, 
a property which has been used to estimate the quantity of easily acces- 
sible regions in various types of ccllulosic materials. The resistance of 

® Nickerson, R. P., hid. Eng, Ckem., 33, 1022 (1941); Goldfingor, G., Mark, II,, 
and Siggia, S., hid. Eng^ Chcm.j 35, 1083 (1913), 

® Mark, H., J. Phys, Chem., 44, 764 (1940). 
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liighly ordered or crystalline spots to such a simple compound as hy- 
drochloric acid has been demonstrated.'® 

It is rather obvious from Figure 3 that the length of the cellulose chains 
in a fiber will also have a profound ciTeci on its strength, high strengths 
being associated with long chains. Thus, from a practical point of view, it 
is desirable during the processing of, for example, cotton materials to main- 
tain ns nearly as possible the original chain length of the cotton cellulose. 
In so doing, a fabric of high quality is attained. 

2. CiiBMicAn Natohb and Reactions op Cellulose 

From a knowledge of the composition and strueturo of cellulose, it is 
readily seen that it is similar in nature to a polyhydric alcohol and to a 
polysaccharide. Its chemical reactions are therefore similar to that of 
simpler organic compounds of this type, It contains at one end of each 
cellulose, chain a heraiaectnl or potential aldehyde group, and at the other 
a hydroxyl group nob present on the I’cmaining anhydvo-gliicose residues. 
There is notliing unique about this hydroxyl group (which is in the 4 
position), except that its presence makes jiossible the ostiinalion of the 
average molecular weight through the determination of Ictrahydroxy glu- 
cose. Two secondaiy hydroxyl groups arc found in the 2 and 3 positions. 
The two may be considered as a single glycol group, and as will be seen 
later they sometimes react as one. Finally, each of the nnhydro-glucose 
residues carries the primary alcoholic group elmractcristic of glucose. 

The methods of analysis which are applicable to the simpler organic 
compounds are not always suitable for cellulose, primarily because of the 
lack of sufiicient sensitivity. For example, the liemiaoctnl or imlcntial 
aldchydic reducing group at one end of the cclIulo.se chain miglit be ex- 
pected to undergo reactions cbaracteristic of this group. Tnclocd it does, 
but the number of these groups in, for example, several grams of cellulose 
is so small that their detection by ordinary methods is extremely difTicult, 
Another dilFiculty arises from the fact that cellulose is insoluble, and the 
reactions must take place in a hclorogenoous system. 

With respect to the alcoholic nature of cellulose, mo.st of the rcaelions 
involve the formation of derivatives, i.e., the adding-on to the chain mole- 
cule a group or groups to create certain characteristics not jirescnt in cel- 
lulose itself. Such processes are involved in the formation of alcoliolatc- 
like compound.^, ethers (ethyl cellulose) and esters (cellulose acetate), all 
of wliich have wide commercial application. 

Inorganic esters of cellulose such as cellulose nitrate, sulphate, and 
pliosphalc are well known and are not diflicult to prepare. The first of 
these, however, is the only derivative of this type which at present has 

“ Davidson, G. F., J. Textile Imt,, 34, T87 (1913). 
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any commercial significance. The phosphate promises to assume some im- 
portance, particularly in the formation of flame-resistant cellulose. The 
preparation of any of these derivatives involves straightforward organic 
chemistry, except that conditions must be well controlled in order to 
minimize effects which tend to reduce the length of the chain molecules. 

One of the oldest and most important commercial reactions of cellulose 
involves the formation of a complex with alkalis. In 1844, Mercer noted 
that the properties of cellulose became radically changed when it was 
treated with 12 to 18 per cent sodium hydroxide; and since then many re- 
searches have been conducted to elucidate the nature of the chemical re- 
action. In spite of this, controversy still exists as to whether a true alco- 
holate, cellulose-O-Na, is produced or whether the sodium hydroxide forms 
an addition complex of the type (celliilose-OH)^ * (NaOH)^. In any 
event, the formation of the so-called soda cellulose finds extensive com- 
mercial application since the compound serves as an intermediate in the 
preparation of many derivatives. An example may be cited in the prepara- 
tion of ethyl cellulose: the raw material is first treated with aqueous alkali 
to form soda cellulose 

(CelTioOs)^ + arNaOIT (aMoO.ONa). 

and this is then reacted with, for example, ethyl chloride 

(CellQO^ONa), + xC\C 2 lh-^(CdW 40 CAh)x -f- :rNaCl 

to form ethyl cellulose. The reaction is not unlike the preparation of ethers 
from aliphatic alcohols. The production of viscose rayon also utilizes as 
the first step the formation of soda ccUiilosc which is subsequently xan- 
tlmted with carbon bisulphide and then regenerated. AUhoiigb commer- 
cially the formation of ethers of cellulose utilize soda cellulose as an inter- 
mediate, the alcoholic hydroxyls will react directly with ethylene oxide, 
cliazomcthane, and with sodium metal in liquid ammonia. 

With respect to the process of mercerization, which involves treatment 
for a very short period of time with almut 18% sodium hydroxide, the 
principal effects on cotton are to swell the fibers longitudinally, shrink 
them laterally, and give them a greater absorption of water, dyes, etc., as 
well as in increased chemical reactivity. When the treatment is carried 
out under tension, the fibers also acquire a smooth lustrous surface and 
exhibit an increase in strength. The increase in absorptive power and 
reactivity is ascribed to the formation of amorphous areas in the ccllulosic 
structure at the expense of fhe crystalline portions. 

Unlike the reactions of cellulose with sodium hydroxide, the formation 
of other metal aleoholatcs have no commercial value. From an academic 
point of view, however, studies of the reactions of such compounds as 
thalloiis ethylate to form the thallium alcoholate of cellulose has been of 
use in elucidating the structural characteristics of cellulosic materials. By 
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a clever method of analysis, the area of the internal surface or the nxirabe 
of available surface hydroxyl groups may be determined.’'' 

Finally, the formation of cellulose complexes, which is in all probnbilit; 
associated with the alcoholic nature of cellulose, cannot bo overlooked 
Cuprararaonium hydroxide solutions arc the best known solvents for col 
lulose, and the complex which is formed not only finds nn academic use ii 
evaluating molecular size, but serves as nn intermediate in the prepnra 
tion of cupr ammonium or Bemborg rayon. Certain other organic bases 
such as dibenzyl-dimethylanomonium hydroxide are excellent swollinf 
agents and fair solvents for cellulose. Compounds of Iho tetraalkylam 
monium type have a potential value in that they dissolve cellulose aiu 
permit the preparation of derivatives in a homogeneous medium instcac 
of a heterogeneous one, as in the case of the inorganic bases. 

The alcoholic groups also enter into reactions which arc somolimcf 
detrimental to cellulosio materials. These involve oxidation of either oi 
both the secondary and primary alcohol groups to aldehyde or carboxyl 
groups. A detailed discussion of degradation by oxidation follows in 
Section B. 

The reactions characteristic of polysaccharides invariably involve a 
shortening of the cellulose chains, f,e., hydrolysis of glucosidic linkages 
by the addition of water. This effect may be brought about diiwlly by 
the use of acids, or it may result as a secondary process from aclivadon 
of the glucosidic bond through oxidation of one or* more of llic liydroxyl 
groups. The intermediates between high molecular weight ecllulo.so and 
glucose which are formed by this process also possess Ihe propci’tic,s of 
polysaccharides. That is to say, cleavage of the oxygon bridges boLwc('n 
glucose residues lowers the chain length, but docs not o.sscnlinlly alter the 
chemical properties. 


B. NORMAL DEGRADATION REACTIONS^'" 


Henry A. Rutherford 


Cellulosio substances are readily degraded by acids, oxidizing ngenls, 
enzymes, heat, and light. With rare exceptions, tlio processes of break- 
down are complicated and the chemical mechnnisins of the rcaclion.s arc 
not eomjdetely understood. This is particularly true of attack l)v en- 
zymes, heat, and light, and it is not surprising when the chemical nature 
and structure of cellulose are considered. Not only arc there a number of 
vulnerable points in the molecule, but the accessibility of tliesc points is 


“Harris, C. A., and Piirvcs, C. B., Paper Trade 110, 20 (1910) 

Por a more cornpiehensivo treatment of tho degradation reaclioiis of cclk.io.sP 
see the authors sections m Cellulose anti Cellulose Dorivalivos,” edited by Kmi 
Ott, Intersoienco Publisher, Ine„ New York (1043), ^ 
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limited by the physical arrangement of the groupings and by tho insolu- 
bility of the cellulosic material. Thus, it is expected that most chomioal 
reactions would follow a heterogeneous course. Because of this, it has not 
been possible to develop with any degree of certainty the theoretical as- 
pects of cellulose degradation. Theoretical considerations have boon pre- 
sented in recent literature principally by Mark, Meyer, Froudenberg, 
Kuhn, and Simha,^^ but no conclusive experimental evidence is yet avail- 
able to support the relations in a quantitative way. It is the purpose of 
this section to describe only those chemical degradation reactions of cellu- 
lose which are understood best, and to review briefly the properties of 
celluloses modified by various chemical means. • 


1. Hydrolysis op Cellulose 

When a cellulosic material is subjected to the action of an acid, par- 
ticularly one of the mineral acid series, a hydrolytic tyi3e of breakdown 
which involves a simple cleavage of 1, 4-glucosidic linkages occurs The 
result of such an action is a shortening of the cellulose chain to produce 
fragments having lower average molecular weights than that of the un- 
treated cellulose. The reaction is essentially a reversal of the procedure by 
wliich the chains are built up, and may be reproseiited by the scliomc 
given on page 22. 

If the reaction is allowed to proceed far enough, glucose and a small 
amount of its acid decomposition products are the final substances ob- 
tained. For the reasons mentioned above, the degradation docs not take 
place in a uniform manner and if the reaction is stop]ied prior to comjik^- 
tion, the partially hydrolyzed cellulose may be divided into a number of 
fractions, the molecular weiglits of which may vary between that of glu- 
cose and the original material itself. Thus, tho degradation product con- 
sists of a homologous series of celluloses in which the macromoleoiilcs may 
have arrangements similar to those in the original material, hut arc non- 
homogeneous in character and exhibit lower average molecular cliain 
lengths than the original CGlluiosc. This mixture of colhilosic substances 
obtained by the action of acids is referred to by tlic generic term ‘diydro- 
ccllulose.^^ Hyclroccllulosc is thus not a homogeneous chemical entity, as 
earlier investigators believed. 

Girard was one of the earliest investigators to find that hyd roc ellu lose 
could be prepared by a number of methods. Ho was able to produce a 
series of white, friabic'powders by immersion of cellulose in mineral acids, 

Meyer, K. IT , HopIT, H , and Mark, H , Ber, 62B, 1103 (1029) : Monlioll, E. W., 
and Simlia, E., J, Chem. Phys., 8, 721 (1940) ; Simha, R., J, Applied Phys., 12, 609 
(1941). 

Girard, A,, CompL rend.; 81, 1106 (1875); 88, 1322 (1879); Ann. Chim. Phys„ 
24, 337 (1881). 
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Molecular reaction showinff Ike hydrol\fUo breakdown of cellulose in the 
presence of an acid. 


by the action of moist gaseous halogen acids, or by imprognaling the fiber 
with solutions of certain organic acids and then heating Ihc inalerinla a 
100“ C. The organic acids arc found to pi-oduce tendering at a slower I'al 
than the mineral acids. This appears to bo related to the fact that tlr 
former are weaker acids. 

Birtwell, Clibbens and Geake “ wei'o the first to make a thorough studj 
of the factors which influence the rate of hydrolysis of cellulose by acids 
Primarily, the rate is a function of the kind of acid, its concentration, ant 
the temperature. By the proper control of each condition, it is po.ssibIo tc 
duplicate with a fair degree of precision the prejiaration of a hydroccllu- 
lose of given physical and chemical properties. 

Two of the most characteristic changes which accompany the degrada- 
tion by acids are a decrease in viscosity and in strength of the cellulose, 
As stated in Section A above, both of these properties are dependent to a 
considerable extent upon the average length of the cellulose chain mole- 
cules, and it is not surprising that a definite and practically constant rela- 
tion between loss in strength and decrease in viscosity is found. This reln- 

« Birtwell, C., Clibbens, D. A,, and Geake, A., J. Textile Inst., 17, T146 (1020). 
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tionship) expressed in terms of the reciprocal of viscosity, namely, the 
fluidity,*® is emphasized in Figure 4. The unique feature of this relation- 
ship is that it is independent of the nature and conditions of the acid 
treatment, and it obtains for a pure cellulosic fiber, yarn, or fabric, Results 
of this kind lead to the conclusion that the degradation of cellulose by 
acids during the early stages of attack is fairly uniform over the chain 
molecules, and that the glucosidic linkages are broken more or less at 
random. Higlily localized attack on cellulosic fibers could result in a large 



Figure 4. The relation be- 
t^veen breaking strength and 
fluidity of hydrocelliiloses, 
{Clibbens and Ridge 


los.s of strcngUi without an accompanying appreciable increase in 

fluidity. . f 

Although from a practical point of view, the most important aspects ol 

cellulose degradation are in tlic early stages of attack, a number of m- 
vc.stigations liavc been directed toward an examination of the properties 
of cellulose after prolonged treatment with acidic substances. In a hetero- 
geneous system, it is invariably found that the rate of reaction ^ shown 
by tlie iiropcrties of, e.g., strength and Huidity, takes place rapidly at first 
(i.e., during the early stages) and slows down considerably as the dura- 
tion of treatment is prolonged. It is of interest that, judged by some prop- 
erties of tlie residual cellulose, tlie hydrolysis appears to stop short ol 
completion. Thus, for example, the fluidity of cotton cellulose m cupram- 
monium roaches a maximum of about 50 upon treatment with hydrochlorm 
or sulphuric acid instead of the maximum value possible, about fad. ims 

a matter of convenience in referring to viscosity 
"fluidity.” which is the reciprocal of viscosity, was intioduced. The use 
commonly employed in the description of textile materia s. 

‘^Clibbens, D. A„ and Eidgc, B. P., J. TexUle Insl., 19. T389 (1928). 
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is shown by the results obtained by Davidson (Figure 5). When me 
cerized cotton was treated in a similar manner, a maximum fluidity 
about 60 was attained. The degrees of polymerization calculated fro 
Kraemcr’s constants, wdiich correspond to fluidities of 60 and 60, r 
spectively, are 190 and 96. Thus, the degradation is far short of heir 
complete, particularly in the unmercetized cotton. These results, in acid 
tion to the observation that the x-ray diagram of the powdery rcsidi 
was identical with the original cellulose, indicate that the acid docs n( 
penetrate the crystalline portions of the libers and that the action 
confined to hydrolysis of gliicosidic linkages situated in the amorphoi 



Oorafion of Treatment of Cotton w/t/? Acid (ttours) 

Piguio 6. The oiToct of inorganic acids upon fiuitlity, fallowing both 
the extent and rclativo lalea of ntliiclc. 

regions. It is generally assumed that mercerizalion increases ilic content 
of amorphous areas in cotton, and the higher rale of hydrolysis found with 
the mercerized as compared with the unmorcerized supports this view. 

Although other properties such as solubility in alkali and moisture ab- 
sorption also reach an approximately constant value after prolonged 
hydrolysis, it should be emphasized that the action docs not entirely cease, 
but continiies extremely slowly, Ultimately, oven in a heterogeneous sys- 
tem, the cellulose is completely destroyed. 

A more comj^Ictc study of the relation between strength and degree of 
polymerization of cellulose degraded by acids was made by Stauclinger 
and Sorkin,^® It was found that materials having D.P/s of 200 to 260 dis- 
integrated on handling, while in the range of 250 to 700 both the breaking 
strength and the elongation at the break increased with increase in D.P. 

i®Staiidingcr, H., and Sorkin, M., ^er., 70B, 1606 (1037). 
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Further increases beyond 700 resulted in only slight further improvement 
in these properties. 

An obvious result of the shortening of the cellulose chains in the man- 
ner indicated above is a production of new aldehydic end groups. Accord- 
ingly, another characteristic change which accompanies the formation of 
hydrocellulose is an increase in reducing properties, The presence of these 
groups is shown by the reducing action of hydrocellulose on copper 
Fehling's solution), ammoniacal silver nitrate, and by reaction with 
phenylhydrazine, hydroxylamine, Schiff’s reagent and ethyl mercaptan. 
The most commonly used method for determining this type of end group 
has been the well-known '^copper number^* method developed originally 
by Schwalbe.^® The method depends on the reduction of copper from the 
cupric to the cuprous state by the cellulosic material. The original pro- 
cedure has been frequently mochlied, but, despite numerous improvements, 
it still leaves much to be desired. Thus, the copper number obtained for a 
particular sample has been shown to depend on such factors as tempera- 
ture of heating, time of heating, ratio of weight of sample to weight of 
solution, physical state of the sample (fineness of cutting or grinding), 
composition of the solution containing the cupric ion, solubility of the 
CusO formed in the mother liquor, and tlie progressive degradation of 
the cellulose by tlie alkaline solutions employed For these reasons, the 
copper number at best can be considered to be only a rough measure of 
the content of reducing groups of a cellulosic material. The results ob- 
tained by this method, however, have more significance when it is applied 
to a homologous series of samples prepared by similar treatments. Thus, 
some interesting relationships are obtained between copper number and 
e ( 7 , viscosity of hydrocelliiloses. It has been shown that when the copper 
number lies within the limits of 0.3 and 4.0, its relationship to viscosity 
can be expressed by the equation A’ruF” — 2.6 where is the copper 
number and V is the log of the relative Auscosity, 

The validity of the chemical mechanism of hydroccllulo«?e formation is 
further demonstrated by the direct relation between aldehydic reducing 
groups, determined by a mctliod specific for these groups, and fluidity 
The relationship for a series of hydrocelliiloses down to molecular chain 
lengths which correspond to almost total loss in strength of cotton fibers 
is shown in Figure 6. 

The decrease in molecular size of cellulose during degradation with 
acids is also accompanied by an increase in solubility, especially in al- 
kaline solutions. However, even boiling water dissolves a fraction of hy- 
droccllulose which is higher in reducing power than the original liydro- 
cellulose. When hot dilute solutions of alkalies are used, additional soluble 
decomposition products are obtained. The loss in weight, the effect on 


Schwalbe, C. G., Bet., 40, 1347 (1907), 
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fluidity and breaking strength, and the change in copper number of hydro- 
celluloses on boiling in alkaline solutions has been rather extensively in- 
vestigated. In general, it has been found that the reducing power of the 
hydrocellulose on treatment with hot alkali is decreased and may oven 
fall to nearly zero without necessarily being accompanied by extensive 
weight losses. The solubilities in alkali of hydrocolliiloses appear to be 
related to the reducing i)Q\ver of the material; that is, hydroeciluloscs of 
the same copper number have been shown to have the same solubility. On 
boiling in alkaline solutions, they sometimes exhibit a considerable loss in 
weight witlioiit undergoing a large change in fluidity, and in this respect 
tlicy dilTcr from most other types of modified celluloses. 



Figure 0. Re inti on of aldchyclio eontGiifc of hydrocelkitecs to fliiulity. 
(Martin, Smith, Whistler, //arm^®) 


The practical aspects of degradation of cellulose by hydrolysis were 
brought out a number of limes during World War IL It was perhaps em- 
phasized more during this period because of the many trcnlmcnU which 
were developed to give cotton fabrics certain desirable characteristics or 
to prolong their useful service life. One such troatment was employed in 
the production of the so-called Duck, Cotton; Fire, Water, Weather, and 
Mildew Resistant. Studies of the mechanism of deterioration of this type 
of fabric revealed that in many instances the chlorinated paraffin present 
in the finish was unstable to heat and/or light, and liberated hydrogen 
chloride. In the presence of moisture, this compoxincl had an adverse effect 
on the cotton, the severity of attack depending upon the conditions which 
l^revailccl at the point of usage. An examination of the strength-fluidity 

Martin, A. R., Smith, L., Whistler, R, L., and Harris, M„ J, licsearch Nal% Bur, 
Siaiulards, 27, 4d9 (1041); Am, Di/eHtij} Ueptr,, 30, 028 (1041), 
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relationships of damaged tentage sometimes gave results which were simi- 
lar to the relation shown in Figure 4 for hydro celluloses. ,This was re- 
garded as strong evidence that the breakdown was caused by hydrolysis 
of the cellulose and not by some other means, (See Chapter VII^ Section A, 
2-b.) This knowledge lent a scientific background for the incorporation 
of basic substances in the finish for the purpose of absorbing HCl, thus 
preventing the attack on tlie cotton. Experience with this fabric has shown 
that the durability was greatly improved after the use of basic substances 
by the finishers became widespread. 

In view of the well-known sensitivity of cellulose to acids, it is safe to 
say that any flameproofing treatment for cotton textiles should not leave 
an excessive acidic residue on the fabric. Some rather extensive studios 
have been carried out to reveal the level of acidity at which cotton begins 
to deteriorate rapidly. Obviously, there is no definite answer to this ques- 
tion because of the dependence of rate of breakdown on the severity of 
other conditions (e.p.^ temperature). However, it appears that fabrics 
which are to be subjected to outdoor weathering or to elevated Jtempera- 
turcs indoors should not give water extracts which are below pH 6.0. 

2. Oxidation op Cellulose 

In contrast to hydrolysis, the oxidation of cellulose is an extremely com- 
plicated process, and results in the formation of a wide variety of modified 
celluloses, the structures of which are not known in the majority of cases. 
The reaction products are, in general, heterogeneous with respect to both 
structure and molecular size and do not constitute chemical entities For 
this reason the term ^‘oxyccllulosc” has no meaning other than to identify 
a ccllulosic material which has been attacked by an oxidizing agent. The 
need for more specific terms to identify the products has been recognized, 
and there are indications that a system of nomenclature i.s fortlicoming 
To avoid confusion, however, the present discussion will follow the con- 
ventional methods of designating the products of oxidation. 

From a technical point of view, the oxidation of cellulose is a subject 
of great importance. In the commercial processing of cellulose, for exam- 
jfic, bleaching treatments are frequently required to remove the colored 
substances which impart a yellowish tint to the material; in such treat- 
ments, oxidizing agents such as hypochlorite or hydrogen peroxide may be 
employed, and unless care and control are exercised, severe tendering of 
tlie cotton cellulose, due to oxidative degradation, may occur. Cellulose 
is also readily degraded by oxygen in strongly alkaline solutions, a re- 
action which is utilized in the preparation of viscose rayon. 

The properties of any oxycellulose depend upon the method by which 
it is prepared, but in general it may be said that in neutral or acidic solu- 
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tions, oxycelluloses of the reducing type are formed (i.e., they si 
high content of reducing groups as measured by the copper m 
method), whereas in alkaline solutions, the addie typo of oxycellul 
formed. The latter has sometiraes been referred to as the "methylene 
type since it exhibits rather high affinity for methylene blue. Acidic 
celluloses tend to show high retention of alkali presumably due t 
presence of carboxylic acid groups. 

The manner in which hydrogen-ion concentration may influenc 
rate or type of oxidation has been extensively, studied by man, 
vestigators. Oxidation generally proceeds most rapidly near pH “I 
for this reason neutrality is always avoided in the commercial blca 
of cotton. This is shown for oxidation by chlorine solutions in Figii 
and 8. The data also emphasiao the fact that the rate or extent of o 
tion is not necessarily ascertained by the measurement of the chan 
any one given property such as copper number or methylene blue ab. 
tion; thus, as indicated by the copper number method, the rate is gr 
at pH 4-6 than at pH 11.2, whereas, as indicated by methylene 
absorption, the effects of pH appear to be reversed. 

The rate of oxycelluloso formation is also influenced by tempera 
concentration of oxidant, and the natui’e of the oxidizing reagent i 
As an example of the last, hypobromito is much more effective for a g 
set of conditions than hypochlorite. Finally, the rate of oxidation ol 
cellulose may be greatly accelerated by the presence of another oxidi? 
substance in the system. Thus, oxidation with dicliromate in the pros 
of oxalic acid is far more rapid than in the presence of sulfuric acid 
another example, it has been shown that when cotton, on which a rcdi 
vat dye has been absorbed, is treated with hypochlorite, tho oxidatio 
the cellulose is greatly accelerated. ' 

The extensive literature on oxycelluloso is indicative of tho enorn 
amount of work which has been done in tliis field and yet, at the ju'c 
time, it must be concluded that the chemical incchanisin of oxidative 
tack by most reagents is not clearly understood. It would npj)car that 
attack on cellulose would be confined to three points in llic anhydroglin 
residue of the cellulose chain: (1) The nidehydic end groups, of wl 
there are few if any in native cellulose, could be oxidized to carbe 
groups. Such a process would not be expected to result in signific 
changes in the properties of celluloses of high average chain lengths 
miglit, alter considerably the properties of an appreciably degraded hyc 
cellulose. (2) The primary alcohol groups could bo oxidized to the al 
hyde or carboxylic acid depending upon the oxidizing conditions. S 
oxidations would lend to a reducing type or an acidic typo of oxycelluh 
depending upon whether the reaction proceeded to tlio aldehyde or to 
acid. (3) The glycol group (the 2,3-dihydroxy group) of llie glucose r( 
due could be oxidised with the formation of kctonic, aldchydic, or c 




Figure 7. The effect of pH on the rate of increase of copper number 
(Ohbbeiis and Ridge 

0.04 N sodium hypochlorite at25» C.; ratio of cotton tosoluUon 1 .'lOO. 



Figure 8 Tlie elTocl of pH on llic rate of increaM' of meth- 
ylene blue absoiption (Cltbbew and Itidge '-') 

04 iV sodium hypochlorite at 2S» C ; ratio of cotton to 
solution 1 100. 

^^Clibbens, D. A., and Ridge, B. P,, /. TextUe Inst,, 18, Tl36 (1927), 


r , 


'-'I' 


Sici.w 


871 1 



30 


DmitADAflON OF CELWLOm 


boxylio groups I depend in g upon tho course of the rone t ion* These 
tions may be represented by the following formulae: 
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Molecular react ianfi iihowing the oxidulioii of celluloae at 

ii) the aldvhydic end ^mup; 

{2) the primary alcohol (ponp; 

{3) the (flycol (poH]), 


A major di/Ticully in most attempts to ascertain the course of the ox 
tion of cellulose has been the lack of analytical methods of suflic 
specificity and sensitivity to determine accurately the number of an 
the above-mentioned groups whicli might be formed, or to allocate t 
to their positions in the glucose rceklucs, The limitations of such mctl 
as those involving the measurement of copper number ns an estiinat 
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reducing groups or mcthyleno blue absorption as an estimate of acidic 
groups are well rccogniszed, and quantitative conclusions based on their 
use may be open to criticism. Nevertheless, considerable use has been made 
of them and they have been helpful in obtaining a rough qualitative pic- 
ture of ^10 course of some of the reactions. More recently, a number of 
new methods for the estimation of aldehydic and carboxylic groups in 
cellulose have been developed and are at present being applied to quan- 
titative studies of the functional groups in various types of oxycelluloses. 

Until recently, it was widely assumed that the oxidative attack occurred 
at the primary alcohol groups in the cellulose chain molecules causing 
cither weakening or actual scission of the glucosidic linkages. In favor 
of this assumption was the fact that many of the oxycelluloses yielded 
carbon dioxide during boiling with hydrochloric acid, a reaction which is 
cliaractcristic of uronic acids. Oxidation of the primary alcohol group to 
the carboxyl group stage would result in the formation of a glucuronic acid 
anliydride residue. Unfortunately, the hypothesis of simple oxidation of 
the primaiw alcohol group to one of a carboxylic acid type does not ade- 
quately explain the behaviors of all of the various types of oxycelluloses. 
Thus, Clibbons and Ridge have shown that, whereas there is a propor- 
tional increase in cuprammonium fluidity and in copper number with de- 
crease in tensile strength for hydrocelluloses, regardless of the type of 
acid used in their preparation, this proportionality does not exist for all 
types of oxycellulose. The data in Table 1 illustrate this point. Similarly, 


Table 1. Relation Between Cuprammonium Fluidity and Strength of ITydrocelluIose 
and DiiTercnt Types of Oxycelluloses (Clibbens and Ridge) 


Cuprfaninonmm 

Fluulity 

10 

20 

30 


rfliiaod by 
AcU) Attack 


Percentage loss of atrengtb (sirtglo-throad breaking load) 

Caused t)y Cniiacd by 

Attack with Attack with ^/V^«ck with 

Ilypochlonto Dichromote Dicjiromnte plus 

or Uypobroimto plus IIiSO^ Oxalic Acid 


10 7 2 

34 25 11 

58 47 26 


1 

C 

16 


no relationship exists between copper number and tensile strengths for all 
types of oxycellulose For example, a rise of one unit in copper number 
may correspond to complete loss in strength as in the case of alkaline 
hypochlorite modification, to 50% loss as in tendering by acids, or to 
practically no loss in strength as in the o.xidation with dichromate. Since, 
on the basis of the molecular chain thcoi*y, both the fluidity and the ten- 
sile strength of cellulose arc regarded as functions of chain length, this 
apparent anomaly was at first disturbing, 

As a solution of this difficulty, Davidson “ suggested that some types 
of oxidation do not result in direct scission of the chain molecules but 
reduce the chemical stability of some of the linkages in the cellulose chain 

5J2CIibbcns, D. A„ »i)d Ridge, B. P., L Textile ImL, 19, T389 (1928). 

Davidson, G. P., Textile Inst,, 29, T195 (1938). 



32 DKGUADATJON OF OELLVLQSFj 

toward alkalies, This suggestion was based on the discovery of Cl 
and Ridge that the changes in fluidity and strongUi after boiling ox, 
loses in alkaline solutions were such that the fluidity-strength rclati' 
the same for all types of oxycclluloso. Types of oxidation wliieh 
rupture the chain would not have an appreciable effect on stre^ip 
the same time, these typos of modification result in a material wl 
labile toward alkali and accordingly the fluidity in cuprammoniuir 
tion will be high. This, then, would explain the apiiarcnt lack of cc 
tion between strength and fluidity for all types of oxycclluloses. 

On the basis of tliis reasoning, Davklson fiirtlier postulated that 
fluidity of tliis type of oxycollulosc could be determined witlioul 11 
of alkaline solutions, then it would be possible to obtain a true im 



Figure 9, He lu lion hetwocii uHrocellulfWo fluidity a lu I 
cuiiraii^inoniuni nni<lily 0/ modifiod cotfuiis. {David- 
son 

1 Hydrochloric acid. 6. Neiifral liypuchlorilo. 

2. Alkaline Jiypo(>roinilo. 0. Diclironiiito d- wilfuric 

3 . Alkjiline liypocliloriLo. acid. 

4. Acid hypochlorite* 7. Dichroinute + oxrdic acid 

of the average length of ilic molecular chains as they cxit^L in tlic I 
Fortunately, it was found possible to do this by firnt nitrating the 
luloses and then determining the fluidity of the derived nitrocolhilost 
acetone or butyl acetate solution, By this proccclurc, it was found 
discrepancies between strength and fluidity {Lo,, oxycclluloses whicli 
hibit high strength and high cupraininonium fluidity) disappeared. 1 
oxy celluloses of the tj^po eharactorixed by high strengths also showed 
nitrocellulose fluidities. 

From the foregoing, it ia readily seen why tlm relationship of cupr 
monium to nitrocellulose fluidity as found for all tyims of hyclroccllul 
does not exist for nil type.s of oxyccllulosos {Figure 9), If, however, 
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oxycellulosos are first boiled in alkaline solution, in order to complete the 
scission of the cellulose chains at or near the alkali-labile linkages, the 
nitrocellulose and cuprammonium fluidities change to a greater or less 
extent depending on the type of oxidative modification, and the relation 



Figuio 10 Eolation between nitiocclluloso fluidity and 
nipi ammonium fluidity of modified cottons after boiling 
with hotluim hydroxide solution. {DavnUou'^) 


between the two fluidities can then be expressed by a single curve as sliown 
in Figure 10. These experiments loft little doubt that the reducing typos 
of oxycolhilosc do contain alkali-scnsitivo linkages, 

Davul.sonV byj>othcsis received considerable support from the investiga- 
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Molccula) reaction shoioing the oxidation of cellu- 
lose by periodic acid. 


tions of Jackson and Hudson who showed that in the oxidation of cellu- 
lose by periodic acid, cleavage of the glucose ring of the cellulose chain 
between carbon atoms 2 and 3 occurred with the conversion of the second- 
ary alcoholic groups to aldehydes, according to the scheme above. 
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Subsequent to the work of Jackson and Hudson, the oxidation of cel- 
lulose by periodic acid has been studied extensively by Davidson, “■* and 
more recently by Rutherford, Minor, Martin and Hnrri8,““ and by Purves 
and cowork ers.“-” By carefully controlling the conditions, it is possible 
to confine the reaction to the oxidation of the secondary hydroxyl groups 
to aldehyde groups in accordance with the above equation, Thus, it can be 
shown quantitatively that two moles of aldehyde groups are producotl 
for each mole of oxidant consumed. Further, the reducing groups of the 
periodic acid oxycclluloscs can be converlcd to carboxyl groujrs, the direct 
titration of which provides an independent chock on the content of the 
former.’* 

The theoretical consideration of this type of oxidation reaction has led 
to some interesting results, and has enabled a prediction of the types of 
oxidizing agents which would effect a similar dialdehydo elenvago of cel- 
lulose.’’ Briefly, the requirements of the oxidant arc ns follows: (1) Tho 
central atom of the oxidant must have a diamoLor of alrouL 2.5 to 3.0 A, 
which is largo enough to bridge the space between the hydroxyl group.s in 
a 1,2 glycol (in the case of cellulose, tho hydroxyl groiyrs in the 2 and 3 
positions). It must also be able to coordinate at least two hydroxyl groups 
in addition to the groups already attached to it. This enables the forma- 
tion of an intermediate cyclic ester, as shown below, where R contains 
the central atom: 



/N-C 0 

Oircucfsrsfi 


H-C <?— H-C=o 


H-c 0 - H-C=^q 

F/tee Radical OtALosHYoe 


Molecuhr rcacliojt shoioino (mduitoti oj collido.sa 
glycol group tkrough Iho stages of cyclic ester, freo 
radical, dialdehydc, 


(2) The valence of the central atom must exceed by two uuiLs the valence 
of the next lowest stable state, and the oxidant sliould have a BlaiKlard 
oxidation potential of about -- 1.7 volts with respect to the next lowest 
stable state. With these provisions, the valance of tho central atom is 
reduced to form a free radical wliich rearranj^cs to produce the dialdehydo 
as shown above. 


2* Davidson, G. J. Texiile ImtitiUc, 31, TSl (lOtO) ; 32, TlOO (10^11 ). 
Rutherford, H, A , Minor, F. W., Marlin, A, R., niid nurris, M., 7. Hcsearch NalL 
Rur. Standards, 29, 131 (1942), 

Hcidt, L. J., Gladding, E. K., and Purves, C. J3.j Paper Trade J,, 121, 81 (1946), 
Grangaard, D. II., Gladding, K X,, and Purvoa, 0. 13., Paper Trade J., 115, 41 
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It is of interest that common oxidants such as nitric acid, hypochlorite^ 
dichromate, and permanganate do not have all the properties regarded as 
necessary for the diajdehycle type of oxidation and these arc not known 
to oxidize cellulose in this manner. In fact, certain properties of celluloses 
modified by these agents make it clear that the mechanism docs not fol- 
low that of periodic acid. In addition, oxycelluloses, which on the basis 
of certain criteria are of the same type, have been found to yield products 
which vary considerably in other properties. Thus, Davidson has re- 
cently compared the properties of oxy cellulose prepared with chromic acid 
and periodic acid and has observed rather profound differences in their 
behavior, although both reagents give reducing oxycelluloses as deter- 
mined by the copper number method* He suggests that the eclhilose is 
more uniformly attacked by the latter reagent, whereas the action of 
chromic acid is limited primarily to the noncrystalline regions. Support- 
ing this suggestion is the fact that the x-ray patterns are not destroyed 
by a high degree of oxidation with chromic acid, whereas periodate grad- 
ually destroys the characteristic x-ray diagram of cellulose. 

A different explanation for the behavior of chromic acid toward cel- 
lulose has been put forth by Staudiiiger and Sohn, who suggest that glu- 
cosiciic linkages are converted to carbonic ester linkages, such linkaf^cs 
accounting for the alkali-lability of oxycellulose. However, as already 
pointed out by Davidson, a similar reason could be given to explain the 
mechanism of oxidation by periodic acid, which i:)roduces oxycelluloses 
that are even more alkali-labile than chromic acid oxycelluloses. 

Another mechanism of oxycellulose formation which has been ad- 
vanced involves as a primary reaction tlic splitting of 1,4-gluc‘osidic link- 
ages This cannot be considered to be a general reaction since oxidations 
can occur under conditions which do not produce significant changes in 
chain length 

A very different type of oxidation has recently been described by Ken- 
yon and his coworkers who used nitrogen dioxide as the oxidizing agent. 
In contrast with most types of oxidations, which wlien carried to excess 
result in complete disintegration of cellulose fibers, it was found tlmt at 
any stage of oxidation with nitrogen dioxide, the cellulose still retains 
its fibrous structure. Of especial interest, however, is the fact that the 
oxidation appears to be confined entirely to the primary alcoholic groups 
and results in the conversion of these groups to carboxylic acid groups. 
Oxycelluloses having carboxyl contents which approached theoretical 
values calculated on the assumption that all primary alcoholic groiijis 
have been oxidized were prepared by these investigators. 

The effects of another gaseous oxidizing agent, ozone, have been in- 

2a Davidson, G. F., J, Textile Imt,, 32, T109 (1941). 

2°ynckel, E C., and Kenyon, W. 0., /. Am, Chem, Soe,, 64, 121 (1042), 

Unruh, C. C., and Kenyon, W, 0., ibid.^ 127. 
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vestigated. It was found that, in the presence of water, the reducing typo 
of oxycellulosc is the principal product, although a slight increase in 
methylene blue absorption occurs. This is attributed, as in the case of 
other oxidizing substances, to the formation of some carboxyl groups. 
Tlie rate of oxycellulose formation by ozone is greatly inhibited by first 
acetylating the cellulose, while the effect of morcerization is the reverse; 
that is, oxycellulose formation is accelerated by pretreatmont with alkali, 

A number of oxidizing agents such ns hydrogen peroxide and sodium 
chlorite appear to be much loss drastic in their eJTccl on cellulose and 
accordingly have found use in commercial bleaching processes. It has 
been claimed that the latter bleaches cotton goods without affecting 
oxycellulose formation,"^ In tho acid region (t. 0 ., chlorous acid), it oxi- 
dizes the aldehyde groups of modified celluloses to carboxyl groups 
witliout producing any other change. Thus, a dialdohydc type of oxycel- 
lulose produced by the action of periodic acid may be converted to a cor- 
responding dicarboxylio acid by treatment willi chlorous acid.“ 

Finally, it should again bo pointed out that, while the oxidation of cel- 
lulose by periodic acid is confined largely to tho glycol group and that 
produced by nitrogen dioxide to the primary hydroxyl group of Iho glu- 
cose residue, other oxidizing agents are less speeifio ami probably result 
in mixtures of tho above reactions. This fact has seriously complicated 
attempts to elucidate the nature of the chemical reactions involved. Fur- 
ther advances in our understanding of tlie nature of the reactions of 
various oxidizing agents with cellulose will depend on a more accurate 
evaluation of tho number, type, and locnliou of the kctonic, aldchydic, or 
carboxylic acid groups which may be produced during oxycellulose for- 
mation. 

Most oxidized celluloses undergo a striking change when they arc 
treated with alkaline solutions. It is possible to c()mi)lclcly remove tlic, 
reducing groups by such a ti'calment to Uio extent that the remaining cel- 
lulose cannot be distinguished in this respect from unmodified cellulose. 
This may or may not bo accompanied by an appreciable loss in weight, 
depending upon the type of oxidized cellulose in queation. The clicct of the 
so-callcd “alkali boil" on oxycelluloses lias been demonstrated by many 
investigators. Tho effect on nitrocellulose fluidity is shown by a comimri- 
son of tho results in Figures 9 and 10. In addition to a change in this 
property, a loss in strength occurs because of the scission of alkali-labile 
linkages, and the production of short chain fragments. 

The periodic acid oxycelluloses arc particularly characterized by their 
susceptibility to further attack by alkaline solutions. The nlkali-scn- 
silivity of these materials, as measured by solubility in hot dilute sodium 
hydroxide and by cuprammonium fluidity is about proportional to tho 

Vincent, G. P„ el at, Am. Dyestuff Reptr., 30, 3B8 (1911). 
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content of aldehyde groups, at least in celluloses oxidized up to the extent 
of two glucose units in every hundred. It is of extreme interest that this 
sensitivity toward alkali is almost completely removed when the alde- 
hyde groups are further oxidized to carboxyl groups (by chlorous acid 
treatment). This same stabilization may be produced by the action of 
diazomethane on the periodate oxycellulose.®^ Thus, the sensitivity of this 
type of oxidized cellulose does not depend solely on the rupture of the 
glucose ring between carbon atoms 2 and 3, but is related to the specific 
instability towards alkali of the dialdchydc formed during the oxidation. 

The efficacy of alkaline solutions in producing further degradation of 
oxycelliiloses is apparently not dependent solely on hydroxyl-ion con- 
centrations. A comparison of the effects on the nitrocellulose fluidity of 
modified cellulose after treatment with sodium hydroxide and with 
cuprammonium hydroxide solutions of approximately the same hydroxyl- 
ion concentration showed that the former had a greater effect on an acid 
hypochlorite oxycellulose, while the latter had a greater effect on other 
types such as clichromate-oxalic acid oxycclliiloscs. The effects of other 
basic comi)oundS; such as Triton F (dibenzyldimethylammonium hy- 
droxide), Triton B (benzyltrimcthylammoniiim hydroxide), and cupri- 
cthylencdiaminc (all of which have been used for fluidity determinations), 
on the fluidity characteristics of modified celluloses have also been in- 
vestigated. The degrading action of Triton F on alkali-sensitive modified 
celluloses appears to bo similar to that of the inorganic alkalies. The 
fluidity in this solvent, unlike that in cuprammonium, is said to be a 
measure of the total chemical deterioration of the cellulose; that is, the 
solvent completely ruptures all alkali-labile linkages. 

Although oxyccllulosc formation is in many cases accompanied by a 
decrease in tlio strength of the fibrous cellulose, the use of strength meas- 
urements as a measure of extent of oxidation may be misleading. This 
follows from the above discussion of the action of .specific oxidizing agents 
in which it was pointed out that reducing oxycclluloscs, such as those pro- 
duced by periodic acid, may show little if any loss in strength although 
an apiu'Gciablc amount of oxidation has occurred. 

Acidic oxycclluloscs, such as those produced by alkaline hypochlorite 
or by nitrogen dioxide, also vary in properties depending on the oxidizing 
agents and tlie conditions of oxidation. Nitrogen dioxide oxycelliiloses 
which have carboxyl contents of 13% and above (theoretical for com- 
plete oxidation of primary alcoholic groups = 25.5%) are completely 
soluble in dilute aqueous solutions of sodium hydroxide, ammonia, sodium 
carbonate, and pyridine. The soluble salts formed with those bases may 
be precipitated by alcohol or other water-miscible nonsolvents. With 
polyvalent ions such as barium, insoluble salts are formed. The copper 

^^Roevos, R. E,, Ind, Eng, Ckem, Ind, Ed,, 35, 12X8 (1943). 
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numbers of llicsc oxycclluloscs, which prcsumnl)ly Hhould be low, arc in- 
deed very high; a sample whioh is coinplclely oxidiKcd gives a value which 
is theoretical for anhyclroglucuronio acid calciilalcd on the basis of the 
reducing power of one aldehyde groiijj for each uronic acid residue. Those 
results, as well ns those obtained with incompletely oxidized materials, in- 
dicate that the copper number has no significance in respect to the oxyccl- 
luloses of this type, but rather that reducing groups arc formed during 
degradation in the alkaline copper solutions UBcd in the copper number 
method. That the carboxyl groups produced in oxidation of celluloRc by 
nitrogen dioxide arc of the uronic typo is shown by the quantitative evo- 
lution of carbon dioxide when the matcrinl is boiled in hydrochloric acid. 
Of interest in this connection is the fact that the carboxyl groups pro- 
duced by the action of chlorous acid on dialdehydo oxycolluloso are not 
deearboxylatod by boiling hydrochloric acid. Thus, a method for the 
partial allocation of carboxyl groups to their position in the glucose 
residues of oxidized celluloses is available.** 


3. EpFECa’ OF IIi'iAT ON CroumLo.sii) 

The difficulties involved in establishing the course of Lho chcinical 
degradation of cellulose by heat arc emphasized liy the lack of specific 
information on the subject. Work has largely bcon limited to discu.Hsinns 
of the properties of celluloses degraded by this moans. As in the instance 
of other agents which produce degradation, the rate of breakdown is a 
function of a number of possible varinblc.s, Terhups the gi-catcst single 
factor influencing the extent of damage uiulcr a given set of condilions 
is the duration of heating. Thus, prolongoil expoKiirc al low teinpcralui'cs 
may have a greater effect than cxpo.surc at high tcni])craliii-cs for slioricr 
periods of time. The magnitude of the effect may be judged liy (be loss 
in breaking strength, rise in fluidity, increase in coni cut of reducing 
groups, and increase in solubility in alkali. 

The first noliccablo result of the effect of bent on ccllulosic, ma(,orials 
is the loss of water. Below temperatures of 140* C. and a tolal limn of 
heating of four hours no great changes appear to occur."® Some recent 
work,*' however, has shown relatively small lait measurable inci'cnscs in 
solubility in alkali and copper number at hnvor Icmporaturea during short 
intervals of heating. 

The degradation is slower in tho absence of oxygciij whieli indioatos 
that the initial stages of breakdown, at least, inchi<!c oxidative dostruction. 

IlutliGiford, n. A,, Minor, F, W., ftnd Harris, M. In propanilion foi' publication. 

*Dorec, C., "Tho Methods of Colluloso ChoiniBlry " )> Vim Nostrand Co, (1033). 

II„ Kumimde utul Zdlwolle, 21, 88 (1030) ; bowin, 11. F., Paper Trade J., 
05, 29 (1932). 
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Continued heating, however, even in the absence of oxygen, leads to de- 
terioration of the cellulose. 

Stamm and Hansen have postulated the formation of ether cross 
linkages* to explain the decrease in affinity for water and in the ability 
to swell brought about by heating. While this hypothesis appears to ex- 
plain a number of properties of celluloses after exposure to heat, there is 
no chemical evidence at hand to support the suggestion, 

Other factors which influence the rate of tendering by heat are initial 
moisture content of the cellulose and of the surrounding atmosphere, the 
presence of impurities and the extent of pre-modification with respect to 
both hydrolysis and oxidation. Most regenerated celluloses, which have a 
low average chain length as compared with native cellulose, show rapid 
loss in strength under the influence of heat. 

In a recent study of effects of drying conditions on the properties of 
textile yarns, it was shown that the ^^quality index^* (defined as the per- 
centage of the original breaking strength retained after drying multiplied 
by the percentage of the original elongation retained after drying) of 
collulosic fibers decreases either as the temperature is increased or as the 
moisture content of the surrounding atmosphere increased. The de- 
terioration as measured by the fluidity method is shown in Figure 11. Both 
the breaking strength and fl^uidity of the purified cotton and the viscose 
rayon (Figure 12) appear to be functions of the relative humidity at 
which the samples are exposed. The damage is greater at a high humidity. 
In addition to a greater stability toward heat, cellulose acetate does not 
siiow the moisture sensitivity exhibited by the other two ccllulosic ma- 
terials. 

It is apparent in the foregoing pages that the normal reactions of cel- 
lulose, o(*curi’ing at or near room temperature, arc directly related to the 
complex configurations of the cellulose molecule A great deal is known 
about tlic nature and kinetics of these reactions In contrast, at mod- 
era tel y elevated temperatures, the reactions of cellulose are appreciably 
more obscure and much less experimental data is available for verification 
of tlicorctical considerations. Finally, in the range of temperatures ap- 
proaching that of a flaming fabric, the theor6tical aspects of the degrada- 
tion reactions become almost hopelessly complex and any truly funda- 
mental consideration of mechanisms must rely on the simpler chemical 
reaction.^ as discussed in the preceding section. A thorougli understanding 
of these relationships will enable at least a partial extrapolation into the 
range of temperatures dealt with in the pyrolysis and combustion experi- 
ments wliich follow. 

Stamm, A, J., and Hansen, L. A,, Ind. Eng, Ckem., 29, 831 (1937). 
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Figure 12. Relationship between fluidity and breaking strength of yarns which Jmvc 
been dried at low (0)j modium (Q)j «iul high (0) humidities; © ropiescnts 
inilinl relationship. 


Wiegonnk, J, G., J. Research NcilL Bttr, StandardSf 25, 436 fl940), 
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C. PYROLYSIS REACTIONS 
S, Coppich 

When cellulosio materials are heated at high temperatures in the ab- 
sence of air, a rapid, typically pyrolytic reaction ensues, At least two 
additional phases are added to the system^ which finally consists of a 
solid char, a liciuid distillate, and a gaseous fraction. As would be expected, 
the rates of formation and ratios of the various product-phases depend 
to a great extent upon the conditions of the experiment and the pre- 
cautions taken to isolate the initial products from the reaction mixture 
as soon as they are formed. Failure in rapid isolation and separation of 
these phases results principally in further cracking of some of the liquids 
to give additional amounts of solid and gases. In researches designed to 
determine the path of the primary breakdown of the cellulose molecule, it 
is therefore advisable to consider quite carefully the conditions under 
which the pjTolysis is performed. 

Although pyrolytic disintegration proceeds quite freely by exclusion 
of the air via an inert gas such as nitrogen or carbon dioxide, it is pref- 
erable to carry out the decomposition at reduced pressure to facilitate the 
distillation of the high molecular weight products, The most readily adapt- 
able and simplest aj)proaoh is then by means of vacuum distillation in a 
closed system. Adaption of thp principles of molecular distillation also 
aul in tile isolation of the primary products of the reaction, and is readily 
accomplished by a condensing surface of high capacity as close as possible 
to (he surface of t)io jiyrolytic charge. The use of downward distillation 
rather than the normal, where some refluxing always occurs, is addi- 
lionally favorable to removal of primary dissociation products from the 
ensuing reaction. 

Adaption of these principles to a simple workable apparatus is demon- 
s( rated in the following design shown in Figure 13 Its efficiency is com- " 
puratively high, since yields of from 70 to 80% of liquid phases may be 
ol>iained from ])urc cellulose. This aqueous distillate contains the tarry 
products which arc isolated by chying at 105 C., several hours being suf- 
ficient to attain a constant weight which is not appreciably affected by 
furtlier drying for periods as long as 36 hours. Purified cotton normally 
yields about 60 to 56% of the dried tar. This material is easily removed 
by solution in methanol lo facilitate determination of the char yield, the 
wcl gas being determined by difference from the original charge in the 
bulb, 

Tho effect of temperature on the pyrolysis of cotton is likewise fol- 
lowed most conveniently by observance of tar yields. When the initial 
absolute pressure in the system is of the order of magnitude of about 20 
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raillimetcrs of mercury, and the temperature is increased above the col- 
lulosic decomposition point, the reaction becomes more and more rapid 
until above 400° C. n constant rate is approached. This reaction velocity 
is observed as the rate at which the pressure change occurs in the system. 
The production of tarry products also increases with increasing tempera- 




L 


Li 


Figure 13, Equipment for p 3 Tolylic invastigntionfi of tlio influence of retardants 
on the thoimaJ dccoinpoaitioii of cgJIiiIoso. 

7’; thermocouple; B: bulb from 1 by 8 inch test tubo; //; lioator; C: cotton; 

G: iibcr-glnss; M: manometer; 7: volume of 500 oe, 

ture^ the dried yields at various temperatures being: at 300% 33 %] 
at 360% 48%; at 400% 52%; at 450% 62%; and at 600% 50%. Since 
burning fabric has been shown to attain a temperature in the vicinity of 
500° C., and since the pyrolytic degradation appears to proceed at a 
constant rate in this range^ it would seem that these conditions arc ad- 
mirably suitable for studies I’elating to the initial stages of the flaming 
decomposition rcaobion. 
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The absolute pressure in the system would be expected to exert several 
directing influences on the pyrolysis, higher pressures inducing further 
cracking of the tarry products as well as favoring their secondary oxida- 
tion, At 500° C. it is observed that as the initial absolute pressure is 
decreased below 600 millimeters of meremy, the tar yield is increased 
slowly from 40% until at starting pressures of 20 millimeters the yield 
has increased to 52%, which is not appreciably increased by additional 
reductions of the initial pressure. 

Under these latter conditions, the last independent variable, pyrolysis 
time, is not critical. During the first two minutes of heating an induction 
period is observed which is associated with the thermal conduction of the 
system, as indicated by its dependence upon the initiating temperature. 
For the next two minutes the reaction proceeds very rapidly with the evo- 
lution of tarry and gaseous products, and is essentially complete at the 
end of the fifth minute, the pressure in the system rising only very slowly 
until about the tenth or fifteenth minute where it becomes practically 
constant. Hence, the conditions of 500® C., 20 mm. of mercury and 15 
minutes of pyrolysis time arc ideal for comparative studies. 

When a number of the well-known soluble salts which are effective as 
fire retardants are added to cotton, certain well-defined changes are ob- 
served in both the rate and course of the pyrolysis. The induction heating 
period is decreased with increasing addition of the salt, probably by in- 
creased thermal conductance, and the velocity of the gas production is 
increased appreciably by the addition of small amounts of these salts. 
However, after the addition of about 10% of the retardants, the rate and 
quantity of gas evolution becomes practically constant at about twice 
its original value, as indicated by the rate and amount of mercury fall 
in the manomctric system. Moreover, it is not^only the effective flame 
retardants that exhibited this effect, for almost identical behavior is 
observed for inert materials such as sodium and polassiuin chloride which 
have little or no effect on the flaming characteristics of cellulose. It would 
apjiear that this ability of .salts to increase both the rate and quantity of 
the gas phase resulting from the primary disintegration of cellulose is not 
specific for flame-retarding materials, but is a general phenomenon prob- 
ably associated with a secondary independent reaction. 

The other two pyrolysis phases, however, bear a more direct relation- 
ship to the flame-retarding properties of the salts. With the addition to 
cellulose of as little as 6% of a typical retardant such as diaramonium 
phosphate, the tarry distillates are reduced in yield from about 55% to 
approximately 5% of the weight of the original cotton. On the other hand, 
a similar addition of an inert or poorly effective material such as sodium 
chloride only results in the reduction of the tarry products to a yield of 
about 30%. The ability to effect large decreases in the production of these 
tarry primary disintegration products appears to be specific for fire- 
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retarding materials. The sulfamates, sulfates and phosphates as their 
ammonium salts as well as the effective borax-boric acid mixture exhibit 
various efficiencies as depicte'd in Figure 14, In some oases, however, par- 
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Figure I'i. TJio innuonco of reLardants on 1 !ig quantity of the 
various phases rcsiiUing from the pyrolysis of eolton. 


ticularjy with tho sulfainates, a truo picture of the effectiveness cannot 
be obtained since the retardant itself decomposes and sublimes rather 
readily, and the tarry distillation products are contaminated with this 
sublimate. The maximum eflicicncies of the various salts in bar-reducing 
caj)acity occur for the addition of Uic first 5 to W% of material added 
to cotton, further additions having little or no subsequent effect. This is 
a particularly interesting behavior since it is well known that with the 
addition of those magnitudes of the effootive retardants to a fabric, flame 
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propagation suddenly ceases and the amount of salt required for this 
protection is rather critical. 

The amount of the third and last phase produced during pyrolysis, 
Le.y the charred residue, likewise serves as a criterion of the flame-retard- 
ing cfliciencies of various salts. The effective materials greatly increase the 
quantity of this char for small additions of the retardant. For instance the 
addition of 6% of the borax-boric acid mixture results in a char yield 
increase from the normal 10% to about 40%, while the ineffective potas- 
sium chloride increases the char yield only to 20% by a similar 6% 
addition of the salt. It is to be remembered here that the charred residue 
consists not only of the products from the cotton, but also of those from 
the retardant. In most cases these may be separated by hot water extrac- 
tion of the residues, to leave a tx^ue char from the cellulose. In the case 
cited above, extraction shows that the true char from cotton treated with 
potassium chloride never exceeds a yield of 14% while that from the 
borax-boric acid mixture on cotton rises rapidly to 35% for less than 10% 
addition of the salts and finally becomes approximately constant in the 
neighborhood of 40% yield irrespective of the amount of retardant added 
to the cellulose. 

In similar pyrolytic experiments on cotton fabrics it is observed that 
the tar production of the untreated material, although high, is not quite 
as great as that obtained with the absorbent cotton used entirely in the 
above. For the fabric, tar yields rarely exceed 42%, and depend some- 
wliat upon whether the yardage is in the grey, desized, or dyed state 
These effects iiarallcl to some extent actual inflammability as measured 
by flame propagation rates in the various fabrics and with absorbent 
cotton. 

Commercially Ircalcd fabrics with good flame-retarding properties be- 
have very similarly to the experimentally flame-proofed absorbent cotton 
TIic pyrolytic tars arc low in yield and usually constitute from 6 to 10% 
of the original cellulose content of the material. The relative flame pro- 
tection afforded by these treatments, as determined by practical flame 
tests, is nearly always in accord with their low tar-producing cajmeity. 
However, in a number of cases contamination of the tar renders its ac- 
curate deiennination difficult or impossible. This is particularly the case 
with treatments of the antimony oxide-chlorinated compound type, where 
sublimation of both constituents along with the tars takes place to such 
an extent that an apparent tar value of 27% is obtained for the fabric. 
This is certainly inconsistent with its performance. 

From the above it may be concluded that the primary effect of flame- 
retarding chemicals is to alter the products resulting from the initial 
thermal decomposition of the cellulose molecule. The greatest change 
occurs in the solid and liquid phases, the gas being augmented in quantity 
somewhat both by retardants and nonretardants. However, the magnitude 
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of the changes of tar and char products is directly related to the flame 
proofing efficiency of the added salt. It has been observed further that th 
tarry products are of a highly inflammable nature, are readily ignitet 
and propagate a flame very rapidly when impregnated on glass-wool o 
asbestos fabric. It would appear then that these arc the products raos 
directly responsible for the flaming of cotton fabrics and that tho mair 
function of a retardant is to limit tiie production of these materials whor 
the fabric is subjected to a flame source. 

The over-all effect of the efficient retardants appears to be the direc- 
tion of the initial disintegration toward products in tho solid phase rather 
than along the lines of the normal and partial decomposition toward 
liquid phase fragments which vaporize, and on admixture witli the oxygen 
of tho air are readily ignited and constitute the flame. Tho prime cause 
for these effects is not considered here, but is postponed and will appear 
in the section devoted to the theoretical concepts j^ostuiatcfl to explain the 
underlying principles involved in retardant action. All that is intended 
liere is to delve as deeply as possible into the decomposition reactions in 
an effort to bring to light conclusively the primary effects of retardants 
on cellulose at high temperatures. 

D. COMBUSTION REACTIONS 

» 

Ooppick 

The burning of organic materials in general is a very complex process, 
involving a great number of stops wherein the material undergoes suc- 
cessively many stages of disintegration and oxidation. A study of llic final 
end products leads to very little information regarding the intermediates 
which pass rapidly toward the lower energy levels and in the limit appear 
as carbon dioxide and water. It is of course well known that the efficiency 
of the process is directly concerned with the rate of oxygen supply and its 
concentration at the combustion source, which determine tlie extent of 
the energy drop in the final stages of tho series of reactions. Thus, nor- 
mally, the combustion of cellulose results in the formation of carbon 
monoxide as well as carbon dioxide and water. Smaller quantities of 
hydrocarbons such as methane sometimes occur but only under veiy ad- 
verse combustion conditions. Hence, investigations of the effect of re- 
tardants on the completed reaction are unprofitable, the products being 
practically identical for both treated and untreated cellulose and crit- 
ically dependent upon tiie conditions of the oxidation. The only dif- 
ferences appear to be in the rate of the process as measured by the 
velocity at which a flame propagates throughout the mass of the material, 
and the extent to which the transfer from solid to gas phases occurs. This 
is measured very readily as the yield of residue remaining after ignition. 
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When flame propagation rates are reduced to zero by the application of 
an efRcicnt retardant an impasse is reached, since it is here desirable to 
study a reaction which normally does not proceed. The approach must 
then bo directed toward forcing the reaction in order to elucidate its nor- 
mal inhibition. Moreover, during the thermal oxidation of cellulose three 
general reaction phenomena are observed, both the rate and extent of 
which depend not only upon the amount of the retardant added but also 
upon its nature. These are first, the propagation or chain reaction by 
which tho incandescent gas meniscus is transported from one point to 
another. This reaction proceeds at velocities dependent upon a number of 
factors which include the state of division of the cellulose, the amount of 
retardant added, and the conditions of the experiment including the direc- 
tion in which the flame travels. During horizontal flame propagation along 
a fabric, a deceleration is observed, while for vertical travel the velocity 
is greatly accelerated. Practically constant rates occur at angular direc- 
tions in the neighborhood of from 30 to 45° to the horizontal. 

As flame velocities are reduced by successive additions of an efficient 
retardant a critical point is usually reached at which the rate becomes 
zero. Hero one enters the range of the forced reaction which is the second 
phase of flamoproofing and involves the rate and extent of thermal de- 
composition of cellulose while in the presence of an instigating flame 
source. On removal of this source, provided the fabric has been efficiently 
treated, no cliain reaction proceeds, although the flaming fabric may aug- 
ment the source while the latter is present. This is the action which is 
finally observed as char length or area in practical flame tests or as the 
weight loss due to the decomposition. 

The third and last general reaction phenomenon observed in the thermal 
oxidation of cellulose is the secondary exothermic decomposition of the 
solid products iiroduced by cilhor of the other two reactions This is the 
flamclcss combustion of tho char identified as afterglow, and ap]iears to 
be entirely independent of the flaming reaction, since it may be produced 
or eliminated at will by judicious choice of both the quantity and type of 
retardant employed 

To further elucidate the primary effects which retardants have on the 
thermal oxidation of cellulose, it is advisable that the reaction be quenched 
during its preliminaiy stages for reasons similar to those stated in the 
previous section. The stipulation that the fragmentary decomposition 
products should be removed rapidly from the heat source appears to be 
even more critical when oxygen is present in tho system. The arrangement 
of Figure 15 is adequate and is similar in principle to that previously used 
in vacuum studies, with the exception that the upper end of the tube is 
open to the atmosphere, Cellulosic material is placed in the upper bulb 
of the tube which is then inserted in the heater. The air drawn into the 
system via the aspirator is preheated on passage between the combustion 
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tube and the internal surface of the heater, and proceeding dowmvar 
through the cellulose sweeps the fragmentary disintegration products t 



Figure 15. Equipment for controlled combustion investigations of the influencG of 
retardants on the thermal docoin position of col In lose. 


the large surface of the fiberglass condenser where they are absorbed. 
The cletorinination of the various combustion phases is carried out as be- 
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fore. Cessation of the combustion at various intervals of time is accom- 
plished by removing the tube from the heater and cutting off the air sup- 
ply by inserting an asbestos stopper in the upper end of the combustion 
bulb. 

Preliminary studies on absorbent cotton show that the rate of air flow 
is a rather critical factor in determining the ratio of the various j)hascs 
formed at 600'’ C, Velocities such that less than 40 cc. of air per minute 
])ass through the system are insufficient to give the liquid decomposition 
products the required directional influence to permit their accurate analy- 
sis, and their secondary cracking to solid and gas phases is indicated by 
tlic increased quantities of these products. Increasing the air flow from 
^ero to 40 cc. per minute results in a dried tar yield increase from 9 to 
40% of the original cotton. This yield is not changed by further increas- 
ing the air flow. However, the oxygen input represented by the rate of 
40 cc. of air per minute is insufficient to promote a conveniently meas- 
urable rate for the secondary oxidation of the charred residue, which still 
retains a yield of about 10% even after 15 minutes of combustion at 
500® C. Under these conditions the oxidation rate is gradually increased 
with increasing air input until at about 100 cc. per minute combustion of 
the char is comjdcte m 15 minutes. To insure inclusion of an adequate 
*''afcty factor it is preferable to carry out the oxidation at air input values 
considerably in excess of this rainiiniimj and 180 cc. per minute appears 
to he .satisfactory for differentiation purposes in a large number of treated 
anrl untreated cottons. The following experiments adopt thc«e standard 
condition.s For comparative determination of the flaming tendencies of 
fabrics U is convenient to u<'e a propagation rate for tho'^c of easy mni- 
tion, while nftcrflaming and char dimensions characterize those who^e 
pro))aga(ion rate is reduced to a negligible value. These flame tests are 
tle^cril)cd fuliv in a later chapter devoted to testing procedures. 

The influence of retardant^ on the products of the combustion of ab- 
sorbent cotton is very similar to that found for the decomposition in 
vneiio, "With addition of the well-known and effective salts such as the 
borax-boric acid mixture, the water-gas fraction is increased, the tarry 
products decreased and the charred residues increased The clianges in the 
amounts of the various phases are again most pronounced in the region 
of the addition of up to 5 to of these salts, which is again in agree- 
ment with their known flame retardation performance. In the case of the 
ineffective salts such as potassium chloride, the gaseous products are 
increased to an extent equal to that observed for very effective materials, 
but the quantities of tar and char products are quite different. 

A typical set of data is shown in Figure 16, where distinction is made 
between the water-soluble and insoluble constituents of both the charred 
residue and the tarry distillate. Flame retardants such as the borax-boric 

Chapter IV, Section B-2, Flame Tests 
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fabric $urface, although the addition of larger quantities reduces this 
rate, which in the limit becomes zero and the fabric is then substantially 
flameproofed. Investigations on the tar production in the range of in- 
creased inflammability show that although the amount of these volatile 
fragments is decreased slightly below the quantities obtained from un- 
treated fabrics, these tars are more easily prodiicech Thus the effects of 
some retardants are competitive in nature, ie., a reduction in amount of 
fuel supply as tarry fragments but also an increase in their rate of gen- 
eration at a given temperature. These opposing influences may either in- 
crease or decrease the tendency to propagate the flaming reaction and 
depend upon the concentration of the retardant in the fabric, Fortunately, 
however, the concentration coeffleiGnts for the extent and rate of the re- 
actions are entirely different so that after the addition of more than 0.5% 
of these retardants the rate of tar production ceases to be the controlling 
factor and its lower quantity begins to exert a dominating influence 
which appears as a net reduction of the propagation velocity of the flame. 
Those effects are shown in Table 2, which indicate the enhanced inflam- 

Tablo 2. Effect of Small Amounts of Retardants on the Tar Production and Inflamma- 




hihty of Fabrics 








Time to 



No. of 1 S' min. 

Tar 


Tar 


Add’On 

Stftlic Water 

mRS /cm* 

Flame Bate 

Production 

Iletordant 

% 

Lcachtneii 

of Fnljrjc 

in /sec 

mm. 

Ammonium 

0 

— 

ll.fiS 

.103 

4 

Dihydrofjjon 

0.06 

— 

0.02 

,161 

3 

Phosphate 

0 1 

— 

0 12 

218 

2 


0.25 

— 

10.16 

.210 

2 


0.5 

— 

0.08 

.137 

2 


10 

— 

4 CO 

.087 

2 

Commercial 

0 

— 

11 88 

no 

4 

Sulfamato- 

06 

— 

10 15 

197 

4 

Phospimio 

01 

— 

10.37 

.203 

3,5 

Mixture 

0 25 

— 

0 16 

.187 

3 


05 

— 

6 75 

153 

3 


1.0 

— 

5 23 

.103 

3 

Aimmonhim 

16 

0 

— 

0 

— 

Dihydrogen 


1 

— 

.105 


Phosphate 


2 

3 



200 

222 

— 



4 


.167 

— 



5 

— 

.182 

— 

Commercial 

16 

0 

— 

0 

— 

Sulfamato- 


1 

— 

.091 


Phospliato 


2 

— 

.222 

* ” 

Mixture 


3 

— 

200 




4 

— 

.208 

— 



5 

— 

.143 

— 

De sized Twill 

0 

0 

— 

.133 

— 

(untreated) 








yjr U /!r Ltij u hUbilJ 


raabiJity induced by small amounts of cither the phosphate or sulfama 
type of retard an tSj whether traces of these salts are added directly or a 
the residual amounts remaining after the bulk of tlic retardant in an effci 
tivoly flaineproofod fabric has been removed by leaching. 

The increasecl addition of the effective salts to fabric.s finally resuli 
in a reduction of the inflammable tarry products below the threshol 
value required for self-sustaining of the flaming reaction and its projiaga 
tion ceases. Further additions reduce the interval between removal of th 
instigating source and the cessation of the flaming reaction, until this i, 
turn reaches a scro limiting value. Still furtlicr addition of the rctardan 
with its subsequent tnr-reducing tendency promotes the rocluction of fabii 
flaming even in the presence of the instigating source, which apiicars a: 
the lessoning of quantity or area of fabric destroyed by a flame of .stand' 
ai'd aspect and duration, i.e., a reduced char climensinn. fl’liis very close 
correlation between the flaming performance of fabrics and their tai 
production capacity is apparent from Table 3, which inchi(le.s data on the 
jihosphate, sulfaniate and bornlo types of rctnrclanls. It is seen lliat the 


Tnblo 3. Correlation Botwcon tlio Tarry Products from Controlled Combuslion and 
tho Burning Clm-ractorislios of Fabrics 
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Vnrt 

Aflpr- 

natntnf; 

HPL, 

Vori 

(’hur 

in. 

Dosized Grey Goo(3a 

None 

0 

15.2 

.104 

> 20 

12 

Desized Twill (dyed) 

tt 

0 

12.7 

.161 

> 20 

J2 

Regular Twill 

u 

0 

9.9 

.135 

> 20 

12 

Gi'cy Goods (sized) 

ff 

0 

6,0 

.no 

> 20 

12 

XDeaized Twill 

Borax: 

0.2 

8.0 

.III 

> 20 

12 


Boric Acid 

1.3 

6.2 

.100 

18 

12 


7:3 

1.0 

4 3 

000 

10 

12 


It 

2.0 

3.8 

.050 

16 

12 


u 

3,6 

2.6 

0 

7 

5,7 


It 

6.6 

1 3 

0 

0 

3.7 


rt 

13.6 

l.l 

0 

0 

2.1 

Deaizod Twill 

Aminqnium 

0.7 

3.6 

.085 

> 20 

12 


Di hydrogen 

1.1 

3.2 

.050 

> 20 

12 


Phofipluito 

'1.8 

2.3 

0 

> 20 

12 


tt 

6.0 

2.1 

0 

1 

07 


i* 

8.2 

2.3 

0 

0 

5.7 


it 

18.3 

2.4 

0 

0 

3.2 

Desized Twill 

Commercinl 

1,0 

5.2 

.103 

> 20 

12 


Suifninatc- 

2.1 

3.8 

,090 

> 20 

12 


PhospliAle 

3.1 

3.2 

0 

> 20 

12 


Mixture 

6.1 

2.8 

0 

> 20 

12 


(t 

0.6 

2.2 

0 

0 

3,9 


ti 

18.8 

1,6 

0 

0 

2.7 


u 

31.2 

1.9 

0 

0 

2.7 


it 

41 .8 

3.6 

0 

0 

2.0 
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borax-boric acid mixture does not exhibit the behavior previously shown 
for the other two retardant types. The addition of 0,2^ of this mixture 
gives no enhanced flame-spreading velocity such as demonstrated by the 
sulfamato-phosphate retardant mixture and by ammonium phosphate 
alone. 



o z ^ e s /o /2 /4 o z 4 6 a /o /z M 

TiMe iN MtNurss 

Figure' 17. TIio ofToct of Llie phosphate and borate types of rctaidants on the rate of 
production of volalilo collulosic fragments during the contiollod combustion of 
foUoii fabrics. (The per cent values aic those added to dosizcd twill.) 

The reason for tliis anomalous behavior becomes apparent from 
kinetic studies on the degradation reaction. Intcrruj)tion of the combus- 
tion at successive time intervals of one minute over the whole of the 15- 
ininute oxidation period and measurement of tar production leads to the 
determination of the rate of the process. It should be remembered, how- 
ever, that the experiment is not conducted entirely isothermally since an 
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induction period is necessitated wherein the fabric is raised over a li 
temperature gradient from room conditions to approximately 600° 
With an untreated fabric, tnr production does nob begin until after 
first minute of exposure and proceeds at increasing velocity over the i 
minute with increasing charring of the fabric. During the tliird minute 
is evolved at its maximum velocity which appears to be constant for 
material and independent of tlie initiating temperature. The slower car 
rate apjrarently is duo to non-uniform attainment of the dccomposil 
temperature, and less rapid decompositions at intermediate Icmpcratu 
As the reaction approaches completion toward the fourth minute the r 
of tnr production decreases and nt the end of the fourth minute the amo 
of tar reaches a constant value, which is not alTcetcd by further inorc 
ing the combustion duration iij} to 16 minutes. 

The effect of both the phosphate and borate mixture is quite simi 
as far as their influence on the quantities of the product arc concern 
although the borate appears to have a greater efficiency in tnr rcdurli 
However, their effect on the terapernture coefficient and rale of the 
action appears to be entirely different, as demonstrated in Figui’o 
With the phosphate retardant, the time interval over which tnr is p 
duced is reduced from three- to a onc-minuto period for successive nth 
tions up to 8% of the retardant and the reaction is then complete at t 
end of the second minute. In the case of the borate retardant, on I 
other hand, no change in the healing period required for completion of I 
tar generation reaction is observed, an interval of 4 minutes being i 
quired irrespoctivo of the amount of these salts added to llio fabric. Sii 
ilnr rate differences are found for the docomposition of the solid phn: 
and it appears that the borate mixture has llic advantage of not eo 
taining the two competitive factors of rale and extent of reaction, wliii 
render the phosphate a flame irromotcr in the low addition range. Rn 
changes for tar procluclion, similar to those depicted in Figure 17 for tl 
phosphate, have been observed for the commercial sulfamalc-jihospha 
mixture, sulfaroatc alone, and permanently pho.siihatcd fabrics as w( 
as for the 7:3:6 mixture of borax, boric acid and ammonium pbospimt 
and appear to be nssociatccl with the strong acid type of retardant. Con 
parativc charring of the fabric during the early stages of the comlnistic 
is seen in the photographs of Figure 18, These effects indicate that the tw 
types of retardant function via somewhat different mechanisms. 

E. THERMAL DECOMPOSITION PRODUCTS 

- 1 - • . S. Coppick 

. 1. Gas Phase Prodtjcts 

In the preyious sections devoted to the reactions ensuing during th 
pyrolysis and controlled combustion of cellulose and its retardant com 


















Figure 23. Charred residues at l-minutc intervals during the controlled coinhii«tion 

of fabrics. 

1. Untreated 

2 0 7% Ammonium dihydrogen phospimte 

3. 1.1% Ammonium di hydrogen phosphate 

4. 8 5% Ammonium dihydrogon phosphate 

5. 0 2% Borax;Boric acid::7:3 

6. 1 .3% Borax :13oric acid . :7 :3 

7. 1.6% BoraxrBoric acid::7:3 

8. 2.0% Boia\:Bonc acid :7 3 

9. 3 5% Borax Boric acid: 7:3 

10. 6 5% BoiaxiBoiic acid::7 3 

11. 8 2% BoiaxiBonc acid Ammonium dihydrogon plionphaic: :7:3;6 

12. 8 5% Coinmorcial sulfamate-phosphatc mixture 

13. 16% Commercial urea-phosphate t3^pc treatment 
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binationg, it is scon that although the pi'oducts in the gaseous phase ore 
augmented both in amount and production rate, their values do not ap- 
pear to be critically related to the flaming mechanism and its deceleration. 
Both retardants and non-retardants show very similar effects in enhancing 
the quantity of vapors and the velocity of their generation, but there still 
remains the possibility that the .vapor composition might be variable. 

It is to be remembered that in the previously described experiments the 
gas phase has always included the water produced in the decomposition. 
However, the determination of the dry gas phase is easily carried out by 
measurement of weight losses involved in expei’imcnts conducted via 


Table 4. Tho Effoot of Rotardants on llio Amount of Dry Gas Produced During the 

Pyrolysis of Fabrics 

Treated with the Sulfnmate-Phosphate Retardant System 


Ilotardant 

Add-On 

Prcssiiro Incronso 

% by m. 

Quantity of Gns 

% 

mm. of Moroury 

fng8/om« of fa brio 

Ammonium 

0 

87 

1.8 

0.46 

Dihydrogon 

0.5 

214 

6.0 

1 52 

Phosphate 

1.3 

250 

6 1 

1,56 


3.1 

258 

6.4 

1 63 


6.6 

308 

17 6 

4 45 


17.2 

258 

14.5 

3.19 

Ammonium 

0 

87 

1.8 

0 40 

Sulfamate 

36 

234 

69 

I 56 


4,1 

376 

11,0 

2 80 


8 1 

374 

125 

2.88 


127 

519 

15.8 

4 ‘19 


26.1 

464 

13.1 

3.88 

CVimmorruil 

0 

87 

1 8 

0 46 

Sulfanuito- 

2.1 

263 

6 0 

1.54 

2 29 

Pluisplmtc 

3.1 

332 

87 

Mixture 

5.1 

380 

86 

2.54 


9.6 

385 

90 

2 54 


modification of the equipment of Figure 13. Replacement of the glass 
wool in the sorption section of the condenser bv a dclivdratmg agent en- 
sures collection of both tariy and aqueous distillates. The rate of the 
process is observed as usual by the rate of pressure increase in the sysUm, 
and the extent of tho reaction by the total pressure increase wlien equilib- 
rium is attained. The results for various retardant types added to cotton 
fabrics are given in Table 4, wborcin the quantities of dried gas show 
effects with increasing retardant addition similar to those previously dis- 
cussed for tho saturated gas phase. The rate at which this phase is pro- 
duced is increased substantially by relatively small additions of effective 
flame decelerants of the borate, phosphate and sulfamate type. In the 
neighborhood of about 6 to 10% addition of these salts the quantity and 
production rate become practically constant and even appear to pass 
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Table 5, Dry Gaa Variations in the Pyrolpis of Fabrio TroiUcd with Borax, Bom. At > 

and Tlioir Mixtures j ; 


Boric Acid 

Add-On 

% 

0 

3,4 

pressure Increnao 
mm. ol Meroury 

212 

482 

QoftnUty nns 
%by Wt. ingfl/onU oc mono 

1.76 QA7 

11.33 2.61 

> 

V V 


5.4 

437 

8.85 

2.27 

> 


7.7 

448 

10.65 

2.50 

> 2U 


10.4 

435 

8.77 

2.20 

> 20 


iO.5 

449 

9.05 

2.35 

> 20 


13.0 

472 

9.23 

2.38 

> 20 

Borax 

0 

212 

1.8 

0.46 

> 21) 


U 

388 

10.2 

2.59 

ir> 


6.4 

400 

10.4 

2.02 



12.9 

427 

107 

2.09 

u 


20.3 

413 

10.7 

3.01 

ri 


29.0 

417 

10.3 

8 15 

8 


34.5 

419 

9.1 

3.01 

n 

Borax: 

0 

212 

1.75 

0.47 

> 20 

Boric Acid 

2.5 

492 

10.42 

2.5 1 

is 

7:3 

4.6 

534 

10.25 

2.80 

t> 


8.4 

558 

10.89 

2 07 

0 


16.5 

538 

9.20 

2 58 

0 


30.1 

564 

8 99 

2.82 

0 


43.7 

608 

9.35 

3.21 

0 

Borax: 

0 

212 

1.75 

0.47 

> 20 

Boric Acid: 

3.9 

540 

10.49 

2,67 

> 20 

Ammonium 

6.6 

482 

8.76 

2.37 

> 20 

Dihydrogen 

10.4 

'495 

8.77 

2.45 

1) 

Phosphate 

19.2 

524 

8.13 

2.70 

0 

CO 

CJ» 

34.2 

420 

6.86 

2.31 

0 


69.9 

615 

6,06 

2,48 

0 


a general phenomenon and bears little if any relation lo the ilnjning cliar- 
acteristics of the fabric since the ineffective boric acid produces offectri 
almost identical with those given by equal additions of either the fairly 
effective borax, the good three-component or the excellent two-coinponont 
retardant system. The vertical afterflaming values characterize the roUi- 
live burning properties of the various treated fabrics. 
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For more complete characterization of the gaseous phase produced dur- 
ing the pyrolysis of treated and untreated fabrics, the vapors must be 
isolated and subjected to the standard analytical procedures. A con- 
venient and satisfactory system is shown in Figure 19, where the pyrolysis 
is carried out in a small bulb (shown inside the heater) over an adjust- 
able mercury column in the pipette, After completion of the reaction 
the heater is removed and the specimen bulb cooled. The sealed capillary 
jioint, is then connected to the analytical system at via rubber tub- 
ing, and by breaking the capillary the gases may be transferred to 5,, 



rf ]0 KrjinpiiU'nt fui the tlelentiinuhon of the composition of the ga-> i)hu-e gen 
enitoil (hnnig the ii^noiyhis of cellulo&e iii the picijeuce of viiuoiiti reUiidAnU. 


M: inanomi'hic hvsioin; trap^; //’ heater; /. theimocoiiplo, p^: Foalotl 

ciiiJiIhiiy oil fahne hull); L, gius colleeling system, /ig, L/ giib nioaauiiiig &ystom; 

eon iK -el ion to {imilylieal f»y^teni; /t>i, S^, *Sj gns scrubbcis, ^3 gas ulxiibor^; 

Di’, aHcnnto trap, /^a wiler tiiiph, Oibiit buietlc by&tcin 

■wlicrc they arc retained over mercury. The soluble constituents are cle- 
tonuined by wnslung the gases in the tlirec scrubbing sections^ Sj, 
and On transfer to the burette, where the saturated gas is main- 
tained over water, its constitution is determined by selective absorption 
in the standard Orsat bulbs atAj, A^ and Ay The Ascarite trap, and 
water traps, and protect the absorption liquids in A^ and A^ 
from the outside atmosphere. 

In tlie case of the controlled combustion of fabrics the products are 
identified by use of a modification of the equipment shown in Figure 15. 
The inclusion of U-tubes containing '^Drierite^' and ''Ascarite'' in series 
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with the tar absorber facilitates the determination of the aqueous 
CO 2 constituents. 

Investigation 0 / the total pyrolytic gas phase resulting from the 
composition of fabric treated with tho commercial phosphate and si 
mate mixture indicates as usual an increase in the amounts produced 
increasing addition, of the retardant. This increase is not at all li 
with tho add-on but assumes a maximum in the vicinity of a 10% a 
tionf Similar effects arc observed for each of the constitncnls alone 
plied to fabrics. Moreover, it is observed that the augmentation is not 
entirely to vapors arising from tlie decomposition of the retardant, s 
on scrubbing the gases from fabrics the same maxima occur, while if 
retardants are added to glass fiber the resulting vapors are all dissol 
in the scrubbing process. The effects appear to be associated with 
actual course of the decomposition of the cellulose itself, the retard 
exerting more of a directing rather than a contributing effect to this pin 

The sulfamate-phosphate system does not lend itself very well 
studies of this kind due to the complexity of the sulfur compono 
evolved during the decomposition. A much simpler system from an anal 
icai point of view is found in the borate mixtures on wliich a very ( 
tailed investigation is shown by the data of Table 6, where the comj 
nents and mixtures of tho retardant system are compared with sodii 
chloride. 

It appears tlmfc the pyrolytic gases show the same type of bohavi 
previously demonstrated in the sulfamate-pliosphato system, tiic retarda 
increasing the total quantity of this phase to about twice its normiil vah 
Those gases contain about 36% of readily soluble constituents wliicli n 
very probably the lower mdceular weight aldehydes and acids, 35% O 
16% hydrocarbons and about 15% COg, tlie latter being tlic only noi 
ilammable constiUient. With the addition of tho retardants of vurioi 
finme-rctai'ding efflciencics, the distribution of the quantities of tiie inflan 
mnblo constituents varies somewhat, bub the non-flammable COg cot 
stituent remains approximately constant. There appears to be no radici 
difference in the over-all composition ns one proceeds from the ineffecliv 
sodium chloride and boric acid througli tlie fairly effective borax to th 
very efficient 7:3 mixture. The general indication is limb the gas phas 
maintains approximately constant flammability composition but increase 
ill amount on the addition of any salt to the fabric. 

Similar effects are observed in tho data accumulated in combustioi 
studies, Here, duo to presence of air during the thermal decomposition 
some of the flammable gases produced in the primary dissociation arc fur- 
ther oxidized to COg, thus this component increases with increased gas 
production. However, the amount arising from fabric treated with NaCl 
is about tho same as that from fabric treated with the effective retardants. 
The same appears to be true of the aqueous constituent which increases 
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Table 0. Tlio Effect of Various Materials on the Composition of tho Coses Evolved 
During the Pyrolysis of Cotton Fabrics 


Botardant 

Add-On 

% 

Total Oaa 
co/om» of fnbrlo 

Qaa Compononta 

II 4 O Solublos 
aldoliyclos, aoida, 

oto. CO 

( % by volumo) 
Hydro- Total 

carbons, Inflam- 
oto. mablea 

COi 

Sodium 

0 

1.04 

43,2 

32.6 

14,2 

89.9 

10.1 

Chlorido 

3.1 

3,67 

36.8 

30.8 

18.6 

86.2 

14.8 


7.0 

3.77 

36.2 

31.8 

18.5 

86.5 

13.6 


13.6 

1,96 

35.3 

32,5 

18.1 

85,9 

14.1 


26.4 

3.22 

35.9 

32.3 

20.6 

88.7 

113 


33.7 

2.46 

38.7 

26.0 

21.4 

86.1 

14.9 

Boric Acid 

’ 0 

1.04 

43.2 

32.5 

14.2 

89.9 

10.1 


3.6 

1,60 

34.6 

41.0 

14.5 

90.1 

9.9 


"7.7 

1.76 

30.8 

44.3 

15,2 

90.3 

9.7 


10.6 

1.81 

31.4 

46.0 

13.0 

90.4 

9.6 


13.0 

1.92 

27.1 

48.3 

15.8 

91.2 

8.8 

Borax 

0 

1.04 

43.2 

32 5 

14 2 

89.9 

10.1 


2.8 

2.41 

29.0 

36 4 

15 6 

81.0 

19 0 


6.4 

2.17 

34.6 

33 7 

16.3 

84.6 

15.4 


13.0 

2.25 

34,6 

36.2 

13 1 

83.9 

16.1 


20.3 

2.10 

36 2 

37 0 

124 

85 6 

14.4 


29.0 

2.15 

40 0 

27.0 

18.0 

85 0 

15.0 


34.5 

2.29 

34.9 

29 8 

195 

84 2 

15.8 

Borax ; 

0 

1,04 

43 2 

32 5 

14.2 

89 9 

10.1 

Boric Acid 

2.6 

2,03 

39 5 

33 5 

16 9 

89 9 

10 1 

7:3 

4.6 

2.50 

37.9 

33.9 

18 0 

89.8 

10 2 


8,4 

2.30 

38 6 

37 9 

12 7 

89 2 

10.8 


10.5 

2.46 

39 2 

33 8 

10 4 

89 4 

10 6 


30.1 

2.54 

36.9 

36.4 

130 

87 2 

128 


43 7 

2.36 

42 3 

33 5 

12 1 

87 9 

12.1 


somewhat with addition of the salts, but is apparently the same for all, 
irrespective of their flaincproofing action On this basis, there appears to 
be little if any justification for further consideration of the gas phase ns 
being directly related to retardant action. However, the other volatile 
hut rcadilv condensable [iroducts, accumulated as tar.a, appear to be more 
closely related to non-flaming tendencies and are considered in detail in 
the following section. 


2 . Liquid Phase Products 

The aqueous distillate obtained from the pyrolysis or controlled com- 
bustion investigations contains the tarry primary dissociation products 
which appear to be critically related to the flaming characteristic of fab- 
rics. In the borate retardant system, the agreement between the flame test 
data and the dry tar is particularly good. This system lends itself very 
readily to studies of this kind since the retardant does not contaminate 



iUD/ UF CELLVLOSB 

the distillates, which nany bo determined with considerable accuracy, 
precision with which this phase follows the inflammability of treated 
ton fabrics is demonstrated, in Figure 20^ where large reducLion \\ 
amount is observed for mixtures of borax and boric acid when Ihc c 
ponents oi’e in the ratio of 1:1 or 7:3. However, when the boric acid 
dominates in the system, as in the 3:7 mixture, the tar reduction is 
quite as great, which corresponds to the poorer flame-retarding qiml 
of this blend. Moreover, the individual components alone on the fa 



Figure 20. The rcduc 
in the rtmoiuiL of voii 
rrlUilosie fraginrnts as it 
enced by mixturo.q of be 
and boiic ncid in eoiTipaii 
wi'tli that produced by 
(luun chloride 


follow the order of their lair to poor efficiencies compared with the ine 
and ineffective sodium chloride. Tlie relation between the Lars and bui’i 
ing characteristics is summarized in Figure 21 for tliis system, where 
it seems that the production of these fragments must be reduced bolo 
2 milligrams per square centimeter of fabric before flaming ceases i 
the vortical strip test immediately on removal of tlie flame source Tli 
value appears to bo rather critical, and increasing the tar yield from 
to 4 milligrams per centimeter of fabric results in considerable flamin 
after the instigating source has been removed, although propagation c 
the flame may not proceed longer than 10 or 20 seconds. However, wit 
the fuel supply greater than 4 milligrams, continuous burning proceed 
until the fabric is completely consumed. 

The total condensable distillates resulting from the combustion experi 
ments contain considerable water. The aqueous portion is increased witl 
the addition of salts to the fabric, while the tarry products are clccreasec 
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greatly for the addition of the effective retardants. The net result, as 
shown in Table 7, is not only a reduction in the amount of the tarry fuel 
supply but'also a lowering of its effective concentration by dilution with 
water. 

Although the supply, rate and concentration of these volatile fragments 
are altered radically by the effective retardants, their actual composition 
does not appear to be changed to any great extent. The tarry constituents 
contain hydroxyl, methylene, methyl, carbonyl, ethylene and ester group- 
ings ns determined by their infrared absorption spectra, which is in har- 
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Figure 21, The coirohition between Uu* evolution of \ohuile fi'Mon pioducts lioni 
coiluloac and the flaming characteristics of fabiics. 

0 initronlod fabric, © tioutod with boric acid; © tioatrd with botax, and 
O’ treated ^vith borax and boiic acid m the weiglit ratio of 7 3 


iiiony with theoretical considerations regarding the probalde course of tlie 
disintegration of the cellulose molecule. Moreover, ttic absorjition curves 
of the tars from treated and untreated cotton show the same general ab- 
sorption maxima and with nearly equal intensities 

The analytical data suggest degradation nuclei of the pentose or fur- 
fural type, with composition not varying very widely with the amount of 
retardant or its type* As shown in Table 8, the carbon and hydrogen con- 
tent of the various tars show no distinct variation with the effectiveness 
of the retardant, and although the products are highly reducing m nature 
their carbonyl content is not greatly changed by retardant additions. 

Measurement of the relative inflammabilities of the tars from treated 
and untreated cotton indicates no great differences in the rates of flaming 
with different retardants. The conditions of burning fabric are readily 
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Tiibte 7, Tho Variation of Uio Quantitioa of Liquki Phases Produced During the 
trolled Combustion of Cotton Fabrics in tho Prcsonco of Various Malorials 



A(l(i'On 

Dry Tnr 

A(]iieoiia 

Fraction. 

Tar in 
Dialillnto 

Vor 

After! 

notardaiU 

% 

mga/om» 

rngayom* 

% 

a( 

Sodium 

0 

12.20 

9.24 

60.9 

2 

Chloride 

3 J 

7.05 

14.31 

33.0 

2 


7.0 

7.80 

10.26 

43.2 

2 


13.5 

6.60 

13.88 

31.9 

2 


20.4 

0.43 

14.37 

30.9 

2 : 


3 S .7 

7.48 

14,02 

34.8 

2 i 

Boric Acid 

0 

12.20 

9.24 

60.0 

21 


3.6 

7.80 

15.00 

33.1 

2 i 


7.7 

6.63 

15.66 

29.4 

2 ( 


10.6 

4.62 

15.03 

23.1 

2 ? 


12.9 

4.00 

14.16 

22.0 

2 £ 

Borax 

0 

12.20 

9.24 

50.9 

23 


2.8 

4.66 

4.70 

27.9 

16 


5.4 

2.02 

14.26 

16.6 

3 


12.0 

3.08 

16.90 

16.2 

3 


20.3 

2.88 

16.28 

16.8 

3 


29.0 

2.08 

14.66 

12.4 

3 


34.6 

2.76 

15.80 

14.8 

0 

Borax: 

0 

12.20 

9.24 

60 0 

23 

Boric Acid 

2.6 

3.18 

12.67 

20.2 

18 

7:3 

4.6 

1.97 

13.26 

12.9 

0 


8.4 

1.28 

13.90 

8.4 

0 


10.4 

0.85 

12.48 

6.4 

0 


80.1 

0.83 

11.49 

6.4 

0 


43.7 

0.65 

10.10 

6.2 

0 


Table 8* Tho Properties of tho Tarry Distillation Products Isolated During tlioO 
trolled Combustion of Absorbent Cotton 


HeUrdant 

Sodium 

Chloride 


Boric Acid 


Diammonium 

Phosphate 


Borax: 

Boric Acid 
7;3 


KediioinK* Power Fraction of Tnr PiHHolvod 

Add-On CihO in % 


% 

c % 

H % 

gjnB/gjn Ur 

Water 

Acetone 

iHOjiropa 

0 

48.43 

0.67 

0,47 



— 



l.l 

61.66 

0.36 

0.43 

— 

— 



2,7 

64.00 

6.33 

0.36 

— 

— 

— 

7.0 

63.61 

6.47 

0.40 

— 

— 

— 

16.2 

63.43 

6.63 

0.38 

— 

— 

— 

0 

48.43 

6.67 

0.47 

13.0 

46.6 

30.8 

2.6 

48.86 

6 Q 7 

0.60 

22.0 

50.7 

6.7 

3.6 

49.17 

6.18 

0.60 

10. 1 

46 7 

23.8 

6.3 

46.26 

5.06 

0.66 

24.7 

40.0 

16.7 

7.3 

42.10 

6.37 

0.49 

40 2 

43,0 

20 1 

12.3 

36.30 

8.57 

0.41 

17.8 

30,9 

39 6 

21.6 

26.69 

7.88 

0.42 

23 2 

20.0 

34.6 

0 

48.43 

6.67 

0.47 

, rrnr. 




2.3 

61.01 

6.58 

0.63 

— 

— 



6.2 

63.48 

6.09 

0.46 







10.0 

66.11 

6.44 

0.34 

— 

— 

— 

0 

48,43 

6.07 

0.47 

13.6 

46.6 

30.8 

1.6 

46.60 

0.51 

0.61 

21.2 

42.1 

33.1 

3.2 

47.88 

6.20 

0.66 

14.2 

41.0 

44,7 

6.1 

49.86 

6.98 

0.60 

17,8 

37.8 

26.6 

14.8 

50.14 

6.93 

— 

— 

— 

— 
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simulated by application of the tar in methanol to asbestos fabric, drying 
and then determining burning rates of strips of the material inclined at 
46® to the horizontal. Results of this nature are given in Table 9, where it 

Table 9. The Inflammabilily, Characlcrislics of Tara Isolated During the Cotilrollcd 
CombuBtion of Vtii'ious Celluloses 


Souroo of Tar 

Add-On of Tar 
mgs/cm* of Aabostos 

Burning Rato 
oniB/flOO. 

AbsorbonL Colton 

32,4 

0.081 


29.8 

0.08S 


27.4 

0.096 


26,6 

0.106 

Abflorbont Co Lion -f- 

20 1 

0.082 

9% Borax :Boric Acid 

26.6 

0.082 

(7:3) 

22.4 

0.081 


22.1 

0.101 

Absorbent Cotton + 

32,1 

0.110 

10 % Boric Acid 

22.3 

0.106 


21.6 

0.103 


19,1 

0 125 

Absorbent Cotton + 

25.2 

0 075 

10% Diammonium 

21.6 

0 076 

Phosphate 

20.9 

0,083 


appears that the flame rates vary somewhat in the range of 0.08 to 0.12 
centimeters per second irrespective of their concentration from 20 to 30 
milligrams ])er sciuure centimeter of fabric, and although the propagation 
is somewhat lower for the effective borate and phospliatc products, the 
difference is not sufTiciont to be a major factor in flameproofing effects. It 
is to bo noted here that the tar concentrations are somewhat in excess of 
those normally genorated at a burning fabric surface where it is usually 
about 10 to 15 milligrams per square centimeter of fabric. 

The tarry in*oduc(s arc only slightly volatile except at elevated tempera- 
tures, where they change their characteristics rapidly either by cracking 
or polymerization processes. They exhibit high solubility in methanol, 
lesser sc)lii])ility in water, higher alcohols and ketones and low solubility in 
hydrocarbon solvents On the basis of their fractional solubility m sol- 
vents of various polarities they may be separated into less homogeneous 
mixtures, but these fractions arc similar in chemical behavior Retardants 
appear to influoncc burning by limiting the quantity rather than signifi- 
cantly affecting the quality factors of this phase. 


3. Solid Phase Products 

The solid decomposition products resulting from the pyrolysis or con- 
trolled combustion of fireproofed fabrics consist of a carbonaceous residue 
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derived from the celluloso itself as well as the thermal remnants from the 
added retardant. The rate of fabric decomposition and the resultant char 
production may be followed in an approximate manner by a study of the 
total residue obtained at various time intervals via use of the equipment 
previously described in Figure 15. During the early stages of the controlled 



Fjgiii'c 22. The efToct of the phasplmlc and borate types of retardants on the rate 
of fabric disintegration during controlled combusliou. (The per cent values arc IhoKC 
added to desized twill.) 


combustion, the fabric enters a short period of temperature elevation ac- 
companied by only slight weight losses as shown in Figure 22, The dura- 
tion of this induction period depends to a great extent upon the type of 
retardant as has been pointed out in an earlier section. However, once the 
fabric has reached a temperature above 300® C., rapid deterioration pro- 
ceeds with the evolution of tarry materials and a consequent rapid drop 
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in the yield of solid products. As seen in Figure 22, the second stage is 
again dependent upon the type of the retardant, the phosphate completing 
the rapid disintegration in less time than the borate type. On completion of 
the tar evolution a true char exists, whose further decomposition proceeds 
slowly via the oxidation of its carbon content to leave finally an ash of the 
added retardant. The overi^ll velocity of the latter oxidation reaction is 
quite uniform and independent of the amount or typo of retardant as indi- 
cated by the similarity of slope in the linear sections of the curves of 
Figure 22. 

This equality of char oxidation velocities is surprising since the two re- 
tardant types exhibit entirely different behavior in practical burning 
tests. The borate-treated fabrics show very pronojiinced tendencies to con- 
tinue glowing after flame propagation has ceased, while the phosphate- 
treated ones suffer no flameless combustion. It would appear then that at 
least under these conditions the glowing of chars is not related directly to 
their over-all oxidation rates. However, the nature of this oxidation and 
the aspect of the charred residues is entirely different. The non-glowing 
materials shrink in dimensions with total retention of the original fabric 
structure, oxidation proceeding uniformly throughout the mass of the 
char. On the other hand, the glowing type of material as exemplified by 
the borale-lreatcd fabric is oxidized very non-uniformly with partial to 
complete ashing of various locations in the char and non-rotcntion of the 
original woven structure The latter chars are coarse and brittle carbon 
masses which powder very readily wdiile those from phosphate-treated 
fabrics arc fine textured and relatively strong carbonized fibrous materials. 
The entirely different aspects of the chars from the various ty]:>os of re- 
tardants arc pictured in Figure 23. {See jacmej page 56.) 

The various resistances to the glowing phenomenon are the most im- 
portant property of the solid phase decomposition iiroducts of ccllulo^^e, 
and for a complete study a direct isolation of this reaction is required. 
The separation of the flaming from the glowing reaction is easily accom- 
plished by first carrying out the disintegration in the absence of air. The 
system in Figure 24 is convenient, where either nitrogen or carbon dioxide 
enters a preheating section of the furnace at a required rale and imsscs 
over the fabric in the decomposition section The fabric h maintained on 
the junction of a thermocouple which is inserted in a replaceable inner 
tube, the lower section of which collects the tarry products After com- 
pletion of the disintegration the fabric residue is raised to the upper sec- 
tion of the equipment, where it is cooled in an atmosphere of cold COg 
from ^Vlry-icc,” 

The fabric used in these experiments is an 8 x 5 cm. specimen rolled in 
the form of a cylinder. After the disintegration in the absence of air, its 
oxidizing properties may be studied by replacing the CO 2 with an air 
atmosphere or the char may be removed entirely from the furnace and 
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subjected to a practical isolated glow test similar to that used in the 
regular Vertical flame testing procedures, The unrolled char is suspended 
between paper clamps over a microburner as shown in Figure 26* The 
flame is 1% inches in height and is just non-Iuminous, Its duration is 12 
seconds, and the persistence of the flaraeless combustion is timed from 
the removal of the flame source until cessation of glowing. The extent of 
oxidation in this test is measured by the weight loss suffered clue to con- 


Table 10. Effect of Small Amounts of Retardants on the Extent and Duration of tho 
Isolated Glowing Reaction of the Chars from Cotton Fabrics 



Add-On 

No. of 

Initial 

Fabno 

Lofta During 

Loss Vin 

Glowing 

1‘iino 

Retardant 

% 

Leaobinge 

Wt. 

mgfl/om^ of fabrio 

Glow 

MO. 

Ammonium 

0 

0 

26.90 

21.40 ' 

5.08 

73 

Dihydrogon 

0.05 

0 

24.30 

18.40 

2.40 

78 

Phosphate 

0.1 

0 

24.60 

19.68 

2.74 

70 


0,26 

0 

24.82 

18.30 

3.46 

94 


0.6 

0 

24.66 

10.99 

0.77 

9 


1,0 

0 

24.05 

16.71 

0.33 

0 


16.0 

0 

33.30 

17.20 

0.07 

0 


16.0 

1 

27.62 

17.81 

0.44 

0 


16.0 

2 

26.31 

20.05 

0.65 

27 


15,0 

3 

28,73 

20.21 

0 82 

45 


16.0 

4 

28,10 

23 26 

4.14 

210 


15.0 

6 

28 27 

23.67 

3.64 

195 

Commercial 

0 

0 

26.90 

21.40 

6.08 

73 

Sulfanmte: 

0.05 

0 

25 77 

20.94 

3 47 

90 

Pliosphatn 

0.1 

0 

25 98 

20 01 

4 02 

120 

Mixture 

0.6 

0 

22 77 

16.57 

3 01 

78 


1.0 

0 

24.87 

16 94 

0.78 

20 


16 0 

0 

32 11 

17.51 

0.03 

0 


15.0 

1 

28 67 

19.14 

1 12 

0 


15.0 

2 

28 88 

23.39 

2.29 

145 


15.0 

3 

27.38 

22.54 

3.81 

240 


16 0 

4 

28 61 

23 45 

4.59 

215 


15.0 

5 

28.07 

22.75 

4 09 

185 


tact with the flame source and the subsequent oxidation by the glowing 
reaction. 

Preparation of chars from various fabrics at a nitrogen velocity of 400 
cc. per minute and a temperature of 350° C. leads to the results of Tal)lc 
10, wherein the effects of the phosphate and sulfamate mixture types of 
retardant are shown in comparison with the untreated fabric. It apjijcara 
that very decided resistance to glow is imparted to cotton by the addition 
of small amounts of these materials, the phosphate being the most effleient. 
In the case of the phosphate, complete resistance to flameless combustion 
is obtained upon the addition of from 0.6 to 1.0% to the fabric, while 
continued addition seems to affect only the amount of oxidation ensuing 
in the presence of the flame source as indicated by the lower loss during 
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the glow test. The coao with which the inhibiting inftterials arc rc 
on static leaching for 16 rninutes in water is also demonstrated, bi 
tardants being reduced presumably below the rainimum rcquireni' 
more than one mild water leaching process. 

Similar experiments on a number of retardants and retardant m 
are reported in Table 11. Here it appears that an inert and inef 

Table 11. EIToot of Loi'go Amounts of Jlotardanls on the Extent and Dumtioi 
Isolated Glowing lleaetion of tho Chars from Colton Fabrics 


netardi&Qt 

Add-On 

% 

Inillal 
Fftbrlo Wt. 

Lob» During 
Pyroly8]K 

mga/om* of fabric 

T.OHfl via 
Glow 

None 

0 

20.00 

21.40 

5.08 

jSodium 

10 

27.36 

18.34 

2.36 

Chloiido 

20 

30.06 

18.61 

2 64 

'AmmoiiKim 

10 

27.02 

15.07 

10.55 

Sulfainato 

20 

29.52 

10 70 

0.89 


10 

27.42 

16.47 

7.61 

Borax 

30 

30.7] 

10 96 

7.66 


40 

34.12 

17.00 

9 39 

Boric: Arid 

10 

24.76 

13.60 

0.39 


20 

26.48 

13.80 

0.35 

Ammoimini Bihydrogon 





Phosi)liatG 

10 

27.64 

15 26 

0.07 

Borax: Boric Acid (3: 7) 

10 

28.37 

M 07 

0.32 

Borax; Boric Acid (1 : 1) 

10 

20.30 

13 20 

1 22 


20 

28.52 

13 26 

0.28 


6 

25.42 

13.58 

7 80 

Borax: Boric Acid (7: 3) 

10 

26.08 

13.(M 

5 67 


20 

20 22 

15 21 

0.48 

Borax: Boric Acid: Ammonium 

10 

30.56 

16 96 

0.21 

Dihydrogoii Phosphiito (1:1:2) 

20 

30.73 

13.15 

0.20 

Borax: Doric Acid: Aminonluin 

10 

20.75 

15,18 

0.21 

Diliydrogon Phosphate (7:3:6) 

20 

33.42 

16.32 

0.22 


material such as sodium chloride has little if any effect on the iso 
glowing reaction, while the sulfamatc and borax appear to accontiia 
This is due, probably, to the larger amounts of char remaining afte 
disintegration reaction, However, with the phosphate and boric acid, 
the extent and duration of this reaction arc reduced lo very low vc 
the former being the most efficient in respect to oxidation in the prc£ 
of the flame source. With mixtures of borax and boric acid, the glm? 
tarding component loses its inhibiting effect if the borax component 
excess. In the three- component system^ which includes the very effi' 



phosphate, glow propagation is also reduced to nil although even here the 
borax appears to exhibit a deleterious action in that the oxidation in the 
presence of the flame is considerably greater than that obtained with 
phosphate alone on the char. 

These ollects indicate the composite nature of the secondary oxidation 
of the charred residues from fabrics and point to changes in the course 
rather than to the over-all rate or extent of the reaction ns being the 
important effect brought about by retardants. Preliminary experimenta- 
tion establishes that the afterglow phenomenon is a general one for carbon 



Figiiic 20. The .similiiiily m Ihe OMcliUion ch.uftctuDhtK-, of cIuutccI rc'-uluc6 from 
fabiics and al>soibcnl caibon as inlluoiieed by glow-rotanling 


and not confined to fabric residues. Ttiis is shown quite readily in Figure 
20, where the rate of COj, evolution is determined both for fabric residues 
and for Norite absorbent carbon. In each case both the rate and extent of 
this oxidation is reduced for the addition of ammonium phosphate when 
oxidation is carried out under identical conditions in a standard “Com- 
bustion Train.^^ The standardized combustion conditions of one gram of 
char at SOO"" C. and 200 cc. of air per minute arise from an examination of 
the factors affecting the oxidation reaction for untreated absorbent carbon 
Hero it is found that with variation of the temperatures above 300® C. 
both the rate and the extent of the oxidation to CO 2 increase with in- 
creased temperature, but above 600® C. the rate is insensitive to the 
temperature, while the extent of the reaction continues to increase until 
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at somewhat above 700® C. the theoretical production of COg is ap* 
proached, Similarly, variations of air supply influence the reaction, greatci 
velocities promoting a more rapid reaction. In the vicinity of 200 cc. of aii 
per minute, increased air supply does not influenoo cither the rate or ex- 
tent of CO2 evolution, which are here solely dependent upon the tempera- 
ture and amount of carbon present. Further examination shows that with 
variation of the carbon concentration from 0.25 to 1.0 gms,, littlo if any 
change in the CO3 rate occurs, while the total amount generated is directly 
proportional to the original carbon charge* The chosen conditions of 
600*^ C. and 200 co, of air per minute per gram of carbon are hence con- 
sidered ideal for comparative studies of this kind. 

For thorough studies on the kinetics of the oxidation of charred fabric 
residues, the equipment of Figure 27 provides a rapid and convenient 


H 



Figure 27. Pyrolytic equipment for the production of chari'od rofsidurs from fnluics 
for fnrtlior oxidnlivc studies. 

means for producing chars from variously treated materials. Hero Urn 
fabric is decomposed under pyrolysis conditions of 500® C. and less than 
6 mm, Hg. absolute pressure for various periods of tune. On cooling, the 
residual char is removed and one gram is inserted on the therinocouplo 
junction of the equipment shown in Figure 28. Dry and C02-frcG air at 
200 cc. per minute passes over the char where the initialing temperature 
is 600® C. The carbon dioxide evolution is deteitnincd at various time in- 
tervals at the absorbent system Cj and Cg while the residual CO is further 
oxidized by passage over hot copper oxide and is determined at time in- 
tervals by absorption at G^^ and Cg. 

In the oxidation of the char, the course and rate of the various reactions 
appear to be dependent not only on the retardant but also upon tbe com- 
pleteness of the pyrolysis. Higher temperatures and pyrolysis times pro- 
vide for more complete tar generation and give better differentiation for 
the course of the oxidation of chars from treated and untreated fabrics. 
These effects are shown in Figure 29, where a fabric containing 5% of 
diammonium phosphate is compared with the original untreated cotton, 




^ Fjguic 28. Equipment for kinetic .studios on the oxidation of chaired losidues 

from fub^c^ 


P, M, \ nir inlot system; A, C" punfication of inlet air; Fj, /, T: oxidative sys- 
tem for char; Dg, Ci, C^, C^: CO^ determination system; F^\ CO oxidation 
system; d^, Ci, Cg, Cgi CO determination system; c4> exit system 


chars prepared by lengthy pyrolysis. Similar effects are shown for pyrol- 
ysis at 550® C, in Figure 30, where the promotion of CO formation is 
even more apparent with increased completeness of pyrolysis. 
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Pfgure 29, Comparative data for it ii Ire a led fabric and that tri*atc(l with diam 
moniiim phosphate^ sljowiag Iho inflticiiCG of llio retardant in altci-ing tli(3 (*()nr'«e n 
the oxidation of the charred residues from those fabrics. 



Figure 30. The iiiflucnco of 4% diammonuim phosphate in promoting the oxida- 
tion of charred residues from fabrics in tho ili roe Lion of CO rather than COa; a fimc- 
tioG of tho complolcncss of the preJiminaiy pyrolysis to eJiminato the tariy products 
responsible for flaming. 
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The agreement between the course of char oxidation and the tendency 
for flam el ess combustion is demonstrated in Figure 31. Here the very 
efficient phosphate glow retardant reduces the COg evolution from 2.5 to 
0.8 grams per gram of char for additions as low as 1% of the retardant to 
tlio fabric, and this reduction is not affected appreciably by further addi- 
tions of the phosphate. Similar effects are obtained for the fairly effective 
boric acid where again the CO 2 evolution is reduced, but not to the extent 
of that obtained for the phosphate, the minimum value being about 1.2 
grains of CO 2 per gram of char irrespective of the amount of boric acid 
added originally to the fabric. However, with a glowing type of retardant 
such as borax, small additions have little if any effect on the course of the 
oxidation of the resultant char, and even for higher amounts the value 
never falls below 2.0 grams of CO^ per gram of char. These results arc in 
direct accord with the observed facts that quantities of ammonium phos- 
phate or boric acid as low as 1% will prevent glow propagation but that 
l)orax although inhibiting flame propagation will not prevent the travel of 
flameless combustion in a fabric, irrespective of the amount of the re- 
tardant. The prime difference apparently lies in the relative abilities of 
these retardants to promote the oxidation of charred fabric residues to the 
monoxide rather than the dioxide state of carbon. 

Charred residues obtained from the pyrolysis of glowproofed fabrics 
retain their non-glowing cliaracteristics even after 14 hoiirs^ extraction 
with hot water in a modified Soxhlet apparatus Further extraction for 6 
Imurs with methanol, refluxing for 1 hour with 0.1 N. NaOH and 14 
liours^ additional water extraction have no further effect on an originally 
glowproofed char. This resistance is exhibited by the phosjDhate- and boric 
acid-treated materials and their Iflcnd^ with borax Api>arontly the borax 
componeni is removed quite readily by the extraction, leaving the glow- 
proofing agent alone on llic char. 

C’hars from unlroatcd cotton fabric and those from material treated 
with borax glow very readily, but when those chars are impregnated with 
citlicr boric acid or diammoniiim pliosphate the glowing tendency is 
greatly reduced Those investigations indicate that the physical form or 
slate of the carbon is not a governing factor, since chars of the glowing 
type may be converted to the non-glowing type by simple addition of the 
anti-glow agent 

The tenacity with which fNHi)oHPOi is retained after pyrolysis is de- 
pendent to some extent upon the presence of other materials in the charred 
residue. Mixtures of glow retardants with borax arc not retained nearly so 
well as is the anti-glow reagent alone, while borax alone is removed very 
quickly by extraction. The ang^lyses of the charred rc.sidues both before 
and after extraction show that practically all the originally added phoa- 
phate is retained by the char as demonstrated by Table 12, and its reten- 
tion appears to be independent of the extent of the pyrolysis. However, 


t 






Chars from I/: untreated fabric; B: borax treated; BA.: hone acid treated; and DJ^.: diammonimn phospLate treated fabric. The per 

cent values are those added originally to the desized twill. 
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Table 12. Composition of the Pyrolytic Chars from Various Fabrics 



Thoory 

(Gelh()06) 

Unlroaiod 

6%(Nin)<npo4 

Uoforo After 

Extraolion Exiraotloit 

5 % Borax 

Boforo After 

Extraction Ex Ir action 

c% 

44.4 


78.66 

79.14 

77,88 

87.33 

11 % 

C.2 

3.40 

3.04 

3.49 

3.19 

3.98 

Ash % 

0 

3.60 

2.99 

3.57 

9.29 

0.76 

II.PO 4 % 

0 

0 

0.96 

7.7 

0 

0 

IlaO Soluble 

0 

0.1 

- 1.4 

0 

16,9 

0 


mixture of the phosphate with borax lowers the H3PO1 retention some- 
what, probably due to the NajjPO.i formation. 

X-ray diffraction patterns of the fabrics, both before and after pyrolysis 
and extraction, indicate that at most the retention of the glow retardant 
is due to a surface intermicellar reaction. The patterns for the treated 
fabrics arc identical with those from cellulose and the patterns obtained 
from the pyrolyzed and extracted chars are consistent with those from 
carbon. 




Chapter III 
Mechanisms of Flameproofing 

jS, Ooppick 

Although the literature on the subjocl of flameproofing is quite cx 
the majority of the experiinGiits pcrformGd have been of a praetiea 
dealing with the development of new and improved flamc-reiarcU 
terials and methods of application. For this reason, there is little 
mental data available pertaining to the fundamentals of flamct 
agents and the inechnnisins by which they function. In the abs 
supporting data, there has been in the past considerable spcciilatic 
these mechanisms and, as a result, several different explanations 
phenomenon of flame retardation have been proimscd. Tn contra 
phenomenon of afterglow has only in recent years l)con rocngnizci 
independent corollary of aftcrflammg and hence has not l)ecn (lie 
of such extensive speculation. In further advances into the field of 
proofing, it is highly desirable that future experimenis be hasi'd, m 
theoretical speculations, but rather upon fundamental ineehunisinj 
have some foundation in fact. 

In the preceding chapter, flame-retarding materials were sliown ' 
a specific influence upon the rate and extent of formal ion of (he t 
degradation products of cellulose. This influence nmv he regar(l('d 
primary effect of flameproofing action. It would be well, llierefore, 1 
further into the fimdaincntal mechanisms in an attem])! (o uneo 
basic causes of these primary effects. Consequently, the following i 
has been devoted to consideration of the mechanisms of the ])revcr 
aftcrflnme and afterglow. An attempt 1ms been made to diseuss er 
the mechanisms advanced, placing proper emphasis upon those wli 
pear to have a better foundation in experimental fact. It is qiiile a) 
that considerable additional experimentation is called for on thes 
fundamental aspects of flameproofing. 

A. PREVENTION OF AFTERFLAMING 
1. CiiiDMicAn TniioniEs 

An examination of the composition of the efficient fire-retarding 
cals reveals that with only a few exceptions they include those mr 
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which might be expected to enhance the decomposition of cellulose under 
the influence of heat. Moreover, the majority of retardants have an appre- 
ciable degrading action on cellulose even at normal or slightly elevated 
temperature or when subjected to sunlight. At first this would appear to 
be contrary to their retarding action in the presence of a flame, but it is to 
be remembered that flameproofing does not involve protection from 
damage to that area in the vicinity of the heat source, but simply excludes 
propagation of the flaming reaction. 

The most common agents which have a pronounced degrading action on 
cellulose are the strong alkalies, the mineral acids and oxidizing agents as 
shown in Chapter II, and it appears to bo more than a coincidence that 
these should be the materials most effective as fire retardants. It is not 
necessary that these degrading chemicals be used directly due to their 
pronounced tendering effects under atmospheric conditions, but a more 
practical method is to provide such combinations that will produce the 
active ingredient under the influence of heat from the flame source. On 
this basis the theory has been proposed that the flame-retarding effects 
shown by many substances are due to their promoting the breakdown of 
the cellulose at high temperature in a direction other than that which 
takes place in their absence. 

The substances which produce strong alkali at high temperatures in- 
clude the alkali salts of wxak acids, ie., borax, sodium carbonate and bi- 
carbonate, sodium tungstate, silicate, stannatc, inolvbclatc, aluminatc, and 
arsenate. None of the neutral salts of strong acids and base? are sulijcct to 
marked decomposition at flame temperatures and to produce strong acids, 
(lie salt with a weak base is prof erred. Those most ea'^ily decomposed are 
ilie ammonium salts and include the phosphates, sulfamate, sulfate and 
iialides, although calcium, magnesium and zinc chloride arc rclativclv un- 
stable and have a pronounced flamc-rotarding effect Tlio ca’^il\ reducible 
oxides arc well known in their degrading action on ccllulo’^e and may be 
Ti'^cd directly or in the liydroxidc or hvdratcd form which include ferric, 
stannic, arsenic, chromic and titanic. The standard oxidants and oxida- 
tion promoters such as potassium nitrate, the metallic chromates, sileiiium, 
potassium permanganate and thiocyanate arc also fairly effective re- 
tardants ^ 

Evidence in favor of this theory is given by Ramsbottom and Snoad ^ 
who limited their intensive investigations to the borax-boric acid system, 
and by Metz,® Serebrennikov,^ Palmer/ and Richardson ® in their studies 

^ Ramsbottoin, J. R,, and Snoad, A. W., Dept, of Scientific and Industrial Research, 
Groat Britain, Second Repoit of the Fabrics Co-ordinatmg Research Committee 
(1930) 

^ Metz, L., Ga&schulz V Lvfisckutz, 6, 260 (1936) 

® Screbrennikov, P. P., U. S. Forest Service Div of Silvics, Translation, 9, 161 
(1934), '‘Palmer, R. W., Irul. Eng Chem , 10, 264 (1918), 

® Richardson, N. A,, J* Soo, ChCTn. hid., 56, 202 (1937). 
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on the fireproofing of woody materials. The data indicate that the effective 
chemicals alter the course of celhilosic decomposition favoring the forma- 
tion of lesser amounts of inflammable tars and gases and increasing the 
production of non-volatile carbonaceous material. The theory is also in 
direct accord with the effects shown in the pyrolysis and controlled com- 
bustion studies of Chapter II, wherein marked decreases in botli the 
amount and concentration of the available tarry fuel supply arc observed 
on the addition of the retarding chemical, and this fraction is directly 
related to the flaming characteristics of the fabric, 

A schematic summary of the change in the course of celhilosic fission 
brought about by retardants is given in Figure 1. Here the normal reaction 



Figure 1, Sclicrnatio representations for the path of the thcriual clegriidalion of 
cellulose in the presence and nbsenoe of retardants, and the relation to the flaming 
elmractoristies. Tlio siso of the spheres represents approxiinuto quantitios of the 
various fission products. 

is pictured as proceeding initially to give large quantities of volatile and 
relatively low molecular weight fragments which are easily cracked and 
oxidized in the vapor phase and constitute the flaming interface. The small 
amount of non-volatile charred residue is further decomposed to give 
minor amounts of gas and carbon, the latter being susceptible to oxidation 
by the flameless combustion reaction. In the presence of the directing in- 
fluence of retardants, however, the course of the reaction appears to be 
toward fission of fragments of much greater molecular magnitude or of 
such structure to promote lesser volatility. The small amount of low 
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molecular weight tars pass oil as before but their quantity is insufficient 
to support a continuance of the flaming interface. The non-volatile con- 
stituents arc cracked in a solid phase reaction giving rise to larger amounts 
of gases and carbon than in the normal reaction. It appears that the criti- 
cal reaction is the highly exothermic oxidative cracking of the degradation 
fragments, and it is essential that this process be confined to the solid 
phase if flaming is to be eliminated. The function of the retardant will 
then be to promote the initial breakdown in the direction of non-volatile 
fragments cither by changing their relative 8ize;^moleclllar complexity or 
the nature of their side groupings. Any process such as cyclization, poly- 
merization, polycondensation, or cross-bridging of these fragments should 
be effective in promoting their retention of the solid phase at high 
temperatures. 

One of the specific mechanisms for the preferred course of cellulosic de- 
composition in the presence of a retardant would be the ideal where the 
whole of the carbon content would be confined to the solid phase. This in- 
volves a catalytic dehydration process such that the following prevails: 


+ 5 , E 2 O 

All fragments arc thus confined to non-volatilc carbon, and flaming can- 
not ensue. This mechanism has been proposed by Leathermnn® to explain 
the retardant action of metallic oxides, particularly the hydrated stannic 
oxide as originally used in the Perkm^ process. Similar catalytic pyro- 
genic decomposition functions are forwarded to explain the action of ferric, 
manganese, cobalt, antimony, lead, arsenic and zinc oxides, and arc 
compatible with their known dohydrativc activity in other reactions The 
theory has been extended to cover a large lunnber of the soluble inorganic 
salts which decompose at flame temperatures to produce desiccant ma- 
terials such asNaOH, HoSO,, NHoHSO^, etc., and is substantiated 

by Lcatherman^s ^ studies whore heating of untreated fabrics and those 
treated with metallic oxides is conducted in a stream of air. Considerably 
more carbon is set free in the case of the treated fabrics, and in similar 
rapid heating experiments the water liberated from treated fabric is 
equivaient to about twice that normally produced from the untreated 
material. These results are in agreement with those of the combustion and 
pyrolysis studies described in Chapter II; however, tlic variation of the 
amount of water liberated with the quantity of added retardant is not 
quite sufficient to be accepted as conclusive evidence for the wide adapta- 
bility of the mechanism. 

Another fundamental mechanism of wider applicability is that stimu- 

oLcatherman, U. S. Dept, of Agriculture, Circ. No, 466 (March, 1038). 

7 Perkin, W. H., Sth Intemat’l. Cong, Appl. Chem., Washington and New York, 
28: 110-134 (1012). 
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lated by the observation of Sisson® that the majority of tlio off 
flame-retarding chemicals contain groupings whicli arc active in liydi 
bridging processes. Tlie well-ordered and relatively inactive porti 
cellulose is considered to involve the hydrogen bonding between adj 
hydroxyls, while the disordered and active portions arc eharacteriz 
the bridging of adjacent chains via water molecules.®' ‘‘ The strU' 
stability of the system is critically related to those intcrmoleculav 
and it is proposed that upon contact with high temper atu re source 
bridging media are lost* due to the thermal activity of water at 
temperatures, but that the linkage may be maintained if a non-vc 
component of sufficient hydrogen-bonding activity ia present. Tlic 
ironic configurations which promote strong linkages of this ty)m i 
cellulose system are =0, — OH and — ^NHj. These groupings are jin 
larly prevalent in the more efficient retardants sucli as the pliospl 
sulfates and sulfamates, and the theory proposes thnt thei'innl sta 
and the confining of fragments to the solid phase is due to a great c 
to the hydrogen-bonding capacity of these comjmunda. Tt is fu 
pointed out that the main chemical eharaclcristic of the strong dch; 
tors and the hydrated salts effective in retardant notion is I heir a 
hydrogen-bonding power, and although they prefer to stabili'/ic llicir 
tronic configuration by bonding with water, in the absence of the latte 
cellulosic hydroxyl serves the same function. 

It has been observed in many instances that the Ihcrmnl stability ( 
cellulose chain as a whole is intimately nssocialcd with the activit v ( 
alcoholic groups. Thus, fission of the glucosklic linkages by the hydn 
or oxidative process takes place much less readily if the hydroxvli 
inacfivated by substitution as exemplified by the ivlalivo slahilitv o 
cellulose derivatives. The acidic retardants may then func(i„„ not: on 
their capacity for side group inactivation by hydrogen bonding but uli 

tbrnV“^f temperatures. The bl- and tri-funclionali 

®"’tates, and sulfamates also provides for cross-lir 
throi^h primary bonds to create further difficullios in tlio splitting < 
^latile Cham fragments. This three-dimensional effect may proem! 
via polymerization or condensation of nldchydic groupings as ratal 
y e s rong acid or alkali thermal dissociation product of the rctan 


«' M. Wllo, s„,„, 

‘‘Mark, H., Chem. Revs.. 26. 169, 181 (1940), * 
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point and upon contact with a flame fuse to cover the fabric with a glassy 
layer, Upon this Gay-Lussac advanced the postulation that one of the 
mechanisms for flameproofing action involves the coating of cellulose with 
a non-pcnetrable skin whereby oxygen exclusion functions to prevent 
propagation of the combustion reaction. Various modifications of the 
original hyiiotiiosis have been forwarded^ and the theory is very prevalent 
in recent literature. 

The action of the borates has been explained on this basis and the theory 
is jmrticularly suitable for considerations regarding the specific and 
anomalous behavior of the cfTicicnt mixtures of borax and boric acid. In 
researches conducted by the British Air Ministry,^ this flameproofing sys- 
tem was investigated with considerable thoroughness, and it is pointed 
out that although each of the components alone performs a coating func- 
tion, the mixture acts much more efficiently. Both borax and boric acid 
leave a badly distributed and poorly adhering crystalline deposit on a 
fabric, while the mixture has very little crystallizing tendency and on 
evaporation of the water leaves a glassy matrix which forms a tightly ad- 
hering and almost invisible covering over the cotton fibers Charring tests 
indicate that this two-component layer is more impervious to air than are 
its constituents alone. 

Heretofore, attention has been directed to the desirability for the forma- 
tion of a vitreous layer or skin on tlie fiber surface; however, it appears 
tliat the most effective coating is one of less glassy nature Inve.stigations 
with mixtures of various salts show that there arc wide variations in the 
respective abilities of certain blends to form frothy products when sub- 
jected (o heat sources of an intensity comjmrable to flame temperatures 
]\roroovcr, the effectiveness of tliosc mixtures of inorganic compounds in 
prevent tng afterflaming is somewhat projiortional to their tendencies to 
form sta])le foams The su])oriori(y of s]iccific mixtures over the simple 
eomixments is demonstrated in (he 45 ° flame test specimens of Figure 2 
The funetion of (he foam apiicars to be not only to provide protection 
of the fabric from the air, but also serves as a barrier to the flame and 
entrails (lie volatile tars evolved during combustion. 

The simple formation of a foam is not the only requirement for effi- 
eiont flameproofing, although in general the agreement is rather good. 
For maximum retardant efficiency it is postulated that a two- or three- 
compononi system should have such properties that one component at 
least must decompose at a relatively low temperature with the evolution 
of large amounts of gaseous products. The decomposition temperature 
sliould be in the vicinity of 80 to 200° C, and the resulting gas phase of 
course must be non-flaminable, ic., either HoO, COo, NH3 or SO2, etc. 
One of the other components must melt at a temperature near that at 


Gay-Lussac, Ann, Chim, Phys,, 18 (1823), 
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which gas evolution begins^ and the mixture should be compatible 
ing a uniform flux which solidifies as decomposition progresse 
foam resulting from these series of phase transitions should be a n 
like structure stable at temperatures in the vicinity of 500® C. 

The number of inorganic materials which have the desired pr( 
is rather limited, and usually nob all of the requirements arc met 
ever, a pronounced foaming tendency usually leads to clTccUvc re 
action although the relative eflicicncies may not always follow the 
order due to improper foam structure as shown in Table 1. Here tli 
height is reported as that attained when 6 grams of the rctarda 
heated in a test tube of 1-inch diameter for 5 minutes at 450 to { 

It should be pointed out that this mechanism is not intended to 
the processes which lead to the effective action of the strong acid 
retardant. Here, undoubtedly^ the prime cause for flamoproofing 
tirely different since foaming tendencies for the ammonium phos 
sulfamate and bromide are negligible. 


3. Gas Ti-ieoetes 

The hypothesis presumes that flameproofing may be accomplis 
the impregnation of fabrics with a material which will decompose 
at elevated temperatures with the evolution of inert or diflicultly 
able gases or vapors, Changes in the atmosphere in the vicinity of t 
rie are supposed to serve either of two functions: the dilution of 
flammable gases produced during normal ccllulosic decomposition c 
blanketing effect to exclude or reduce the prevailing oxidising alnu 
of the environment. The sui:)position of a quenching action by vn] 
evolution is also prevalent in the general concept for ineclianisms 
type. The effect of such changes in the concentration of gaseous fii 
air is ]:)resiimcd to raise the kindling temperature of the vapor mixi 
such an extent that the rate of combustion is reduced, and in tin 
becomes zero, at which point Hamc propagation ceases. 

Among the gases most commonly considerod effective arc: COo. 
HCl, HaOj End SOq. Tho theory is hence supimrted l)y the flame])i 
action of sodium carbonate and bicarbonate, the ammonium halides 
phates and sulphates, the chlorides of zinc, calcium and magnesium, 
hydrated salts such as borax and aluminum sulphate, and by amm 
sulfamate. 

The relative efficiencies of the flame retardants which might fimcti 
this mechanism should depend upon several factors. The avnilabh 
gas supply, the decomposition temperature and the rate of gas eve 
in the required temperature range should be the determinants, It i 
erally conceded that rapid gas evolution should proceed from the reU 
at temperatures in the vicinity of that at which the cellulose 
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decomposes, and a rough estimate places this at abovit 300° 0. for inax 
mum efficiency. Hence, the relatively low toinpcratiires iTipiirod for U 
decomposition of the aminoniuin salts, bioarbonalcs and liydrates arc i 
favor of good performance. 

It has been pointed out*’ that although HCl would Halisfy all U 
requirements in a mechanism of this type, the compounds which show an 
spontaneity for evolution of this gas, in the required U'lnpcratiiro rungi 
usually decompose at appreciable rates either tlicrinally or by liydrolys' 
under normal atmosphei'io conditions. Heiiec, their tendering e(T(>ct o 
cellulose renders them of little if any practical iinjiurtanco. l''iirtli(*rnu)i'i 
if more stable HCl donors such as the chlorinated rosins arc used, (lie g( 
evolution does not proceed at a sufficient rate until leinju'ratiires greal) 
in excess of 300° C. are reached, and they do not })rovi<lc ad(‘(juate llnini 
proofing when used alone. However, in the presonoe of a d<>ol)lorina(io 
catalyst the velocity of gas evolution might he incroasod at I ho dosin' 
temperatures, This is cited as a contributing mechanism for Iho proicci m 
afforded by certain chlorinated materials in tlic presence of zinc oxiilc i 
basic zinc carbonate. 

From a quantity of gas standpoint, the theory bocomes almost un 
tenable when the practical and cffcctivo additions of ro(arilan(s iii'(' cuni 
pared with the amounts of non-flammable gases imxluccd hv (he d< 
composition of cellulose itself. Experimenlntion “ sliows Hint noni’ of ih 
well-known retardants produce inert gases in quanlilios of miii'iuhid 
much greater than the fabric alone. Despite (his, however, I he Ihciu v Im 
been widely accepted. The results given in Chaiilcr 11 c(>r(!iinlv du n< 
substantiate this mechanism as of prime imporlanco in (he Ihimcpmolln 

of fabrics, although it may contribute somewhat to tiic ovci-ull rctai 
dation. 


4. Thermal TiiEOitTiiB 

It has been proposed that flamcproofing may Im explained on a Ibcnim 
basis whereby fabric temperatures “in situ” are relaiiicd below ||„. ,ji, 
sociation point. Two major concepts are jircvah'id, (be lir,sl of ,v|d,>' 

presumes that the calorific input of an incident liea( be di,. 

s pated by an endotliormie change in the rctardaiK, itself Tims ibe fuMor 
sublimation or decomposition of the rclarrlniit ms well a.s any f„ri nlias 
transitions of retardant mixtures might ab.wb considerable energy Wiiiel 
oil..™* w„„W enwtate .1,0 amo„„t u, 

Arsenal, Md. (Nov 26,1944). ' ^ Milgewooi 

/nd.Sraei’ 33 ," 6 (uSt)!''”® Effectiveness of ChemieaLs in Water Solution, 
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fabric. The second hypothesis supposes that the incident heat may be 
conducted away from the fibers at a rate comparable to that at which the 
source supplies it, and thus by effects similar to those encountered in the 
Davy Safety Lamp the fabric in the vicinity of the edge of the flame 
never reaches its combustion temperature. However, although little or no 
cx])orimentnl evidence has been forwarded for this hypothesis, it would ap- 
pear that since only small amounts of certain materials are required to be 
cffccUvc as retardants they would have to be extremely efficient in their 
licat-dissipaiing capacity in order to substantiate the theory Moreover, 
there exist a number of salts which arc ineffective as retardants although 
their energy changes are similar to those of the efficient salts. These non- 
rolarclants have little or no practical flameproofing value when added in 
moderate amounts to a fabric and even upon the addition of excessive 
quantities they will not prevent flame propagation and at most only re- 
duce the rate at which the fabric is consumed. Furthermore, the known 
heat conduction constants for materials of widely divergent retarding 
power are either quite similar or are not sufficiently different to account 
for tlicir dissimilar flameproofing qualities. 

Further verification of the inadequacy of this theory to explain the 
facts is found by a detailed study of the phase transitions involved in the 
tlierma] Indjavior of a large number of retardants wiicn heated to tempern- 
tures in tlie vicinity of that attained by burning fabric When these salts 
arc heated at a eonsiant rate and the differential heating curve doternuned 
for equal ((iiantilies of retardant components and mixtures, the number 
of infleetions and their magnitude may be taken as being directly prc)))or- 
tional to the heat-ali^orbing capacity of the system Phase data, similar 
to that depicted in Figure 3, for a large number of materials show that no 
correlation exists between tlie number, position and magnitude of the 
energy changes and the relative ability of the materials to prevent flame 
jiropagation In fact, some of the better retardanU undergo only minor 
transitions and in the case of the fairly efficient ammonium sulfamate- 
])h()‘=^pliate mixture even an exothermic change is observed 

A study of the thermal behavior of fabrics when decomposed via the 
experimental method previously described in Figure 24 of Chapter II 
shows that the phase and energy changes take place in several distinct 
steps. AVbon eondueted in cither nitrogen or CO,, atmosphere, an initial 
heating period is observed accompanied by evolution of some water and 
gas during which tlie fabric is raised to about 300'' C. Following this, a 
rapid reaction proceeds with the usual tar and gas elimination which takes 
place isothermal ly. However, in the presence of air, the initial induction 
period is suecoodocl by a rapid exothermic reaction, coincident with tax 
evolution, wherein the fabric temperature rises to from 500 to 700'' C. 
depending upon the velocity of the air supply. The intensity of this spon- 
taneous reaction appears to be independent of variance of the initiating 
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temperature in the range of 300 to 500® C, Hence, any retardant func- 
tioning as an energy absorber or diffuser would be required to maintain 
fabric temperatures below 300® 0. to prevent continued burning. Follow- 
ing the tar evolution, the temperature falls for a short time until the resid- 
ual char begins to undergo the secondary cxothennic oxidation which 
coincides with the afterglowing properties of the material The latter re- 



Figure 3. Phase ti’ansitions occurring during tlio heating of various rotardanis and 
the energy cliungea involved in these transitions. 


action, however, is a separate phenomenon and is not pertinent here, but 
is discussed fully in a later chapter. It is the primary dissociation and 
oxidation that is directly responsible for the flaming characlorislics of the 
fabric, and as sliown in Figure 1, the intensity and duration of this initial 
reaction appear to be unrelated to the good flame-retarding characteristics 
of small amounts of the borate mixture. In all eases the initial, reaction 
proceeds with maximum intensity in the neighborhood of 600® C., and it 
is only with excessive amounts that slight physical ciTects are observed. 
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Similar behavior is exhibited by fabrics treated with other retardants, 
and no conclusive evidence appears in support of the thermal theories. 



tioii loacLiou, 


B. PREVENTION OF AFTERGLOW 
1. CiiKMiCAL Theories 

It is apparent that the glowiiroofiiiK of fabrics is directly conrerned 
witli tiic oxidation of carbon which is the mam constituent of the charred 
residues which undergo this reaction. Studies attempting to cliioidate the 
])riino cause for the phenomenon have discouraged investigation duo to the 
limited number of compounds which exhibit good retarding effects. How- 
ever, some light is cast on tlic problem by considering tliosc materials 
which actually enhance the glowing characteristics of cellulose. Here it 
should be remembered that although such materials as stannic oxide in- 
hibit flaming combustion they render fabric particularly sensitive to con- 
sumption by flameless combustion. Similarly, Kramer has found tliat 
many metallic oxides have a catalytic action on the oxidation of carbon 

“Krainor, W. A., “The Catalytic Oxidation of Carbon,” Tliesia, Ph.D., Ohio 
Stale University (1027). 
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such that the ignition temperature is much lower in their presence, 
burning proceeds much more rapidly. Furthermore, Whitesoll and Fra 
have shown that although manganese dioxide catalyzes the oxidatic 
carbon monoxide, its influence is dependent upon braces of alkali, 
when the oxide is prepared free from absorbed alkali the catalytic act 
on the oxidation is greatly increased. It would appear then that at leas 
enhancement of the glowing characteristics imparted to fabrics by 
metallic oxide type of flameproofing may be attributed to catnlyti( 
candescent oxidation of carbon following its formation as a clmr 
flame-inhibited cellulose, and that this catalytic activity is extrei 
sensitive to poisoning by alkali.® 

The above phenomena have direct analogies in the field of glow rota 
tion. Here, as has been shown in Chapter II, although boric acid 
ammonium phosphate in very small amounts prevent glow, their mixt 
with sodium tetraborate are not effective unless the boric acid or p 
phate is in excess. The retardation ]jrocess is hence likewise suscep 
to poisoning by alkaline salts. The evidence is therefore in favor 
single catalytic influence on the course of the oxidation of carbon Ic 
count for both the enhancement and retardation processes. 

One of the simplest mechanisms whereby such activity would func 
appears to be a change in the course of the oxidation favoring a i)at 
lesser exothermicity than normal." For instance, if the oxidation is 
moted in the direction of CO formation rather than of COg formation 
heat of the reaction is reduced from 04.4 to 26.4 kilocalories per mole, 

C+o,~-»-C0j AI-I = O'l.'l kc. 

C + MOj — >- CO AIT = 20 4 kr, 

The inference is then that the first reaction is the self-sustaining gln\ 
one, while the second, in which the energy change is considerably lowc 
the course taken by glow-retarded fabrics, where the heat liherafe 
insufficient to propagate the oxidation after the instigating source is 
moved. This theory presumes that the retardants accclornlo the forma 
of carbon monoxide and decelerate that of carbon dioxide when cha 
residues are subjected to heat, and is in eom]iictc accord with the exj 
mentally observed effects given in the previous chapter 

The catalytic mechanism favoring the preferred reaction may inv 
changes in energy barriers (heats of activation) for the two reactions i 
may proceed by the following set of reactions:” 

2II,P04 + 60 — >- 2P + 6CO + SIIjO 
4P + 60 ,— v2Pj06 
P,05+6C — >-2P-|-6CO 

*®WhiteseIl, W. A., and Proser, J. C. W., ''Manganese Dioxide in the Gala 
Oxidation of Carbon Monoxide,” J. Am. Ckem. Soc., 45, 284I-S1 (1023). 

^''Sisson, W. A., Paper presented at Ollicc of Qiiarlermasler General, Confer 
on N.R.C. Project Q.M.C. # 27, Wasliington, D. C. (Dec, 16, 1944) . 
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Here the phosphate directs the carbon to the monoxide form and is regen- 
erated, the net heat liberated in the series of reactions being considerably 
less than the direct oxidation to the dioxide. 

Another possibility is that the active centers on the carbon char may be 
taken up by the retardant, thus lessening its activity. The surface sorp- 
tion may bo similar chemically to the well-known graphitic acid type such 
as graphitic bisulfatc or Jliioride, and the following illustrates a possibility: 


OH av OH 







ce//ahse 'mke/Zar** 
surface 


normal active surface 
on char 


^'(nocHvated'' surface 
due to a phosphate 
retardant 


Sketch of fixation of phosphate to cellulose micelle. 


The tenacity with which the glow retardants are held on the char further 
indicates that the mechanism is associated with a surface catalytic phe- 
nomenon, but the data arc insufficient to determine the type of sorption 
involved. 


2. Physical Theories 

The anti-glow properties imparted to carbonaceous residues resulting 
from the flaming combustion of fabrics have been attrilDuted to a fluid 
inconiliustiblc layer which coats the carbon surface to protect it from 
dir(Md contact with the oxygen of tlic air The mechanism is assumed to be 
identical with a similar theory advanced to account for the inhibition of 
aftcrflaming, but suffers in the liglit of the well-known fact tliat some 
retardants Imve excellent flame- but no glow-rctardmg influences and vice 
versa, A tvjiical example is the borax-boric acid system, where the acid 
protects cotton from afterglow but has little or no effect on the flaming 
cliaracieristics. On the other hand, borax has a fairly efficient flame-rc- 
tarding action but shows no flamelcss combustion inhibiting effects. Mix- 
ture of the two materials provides protection from flame but not from 
glow, (lcsi)itc the fact shown by Ramsbottom and Snoad ^ that the mix- 
turc>s produce a much better covering and uniformity of coating than the 
components alone. Similar anomalous behavior is exhibited by the borax- 
diammoniiim phosphate system, and it is apparent that the hypothesis 
falls down upon critical analysis. 

In the case of the metallic oxide-chlorinated body system of flameproof- 
ing, the latter component is advocated ® as serving the function of not 
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only binding the oxide to the fabric but also of inhibiting the glowing t( 
enoies. The coating property of the chlorinated paraflin or resin is 
sumed either to prevent oxygen infiltration or on decomposition to cli 
the ambient oxidizing atmosphere with HCl. Again, these theories are 
tenable in the light of the facts, since cxi)erimcntation has shown 1 
even with exceedingly high additions of a wide variety of these chlorin) 
compounds, with or without metallic oxides, they exhibit no true gl 
proofing effect. It appears, however, that large amounts of those coat 
serve in some measure to rechiee slightly the rate at which flaraeless c 
bustion is propagated in the char and they do actually reduce the t( 
ency for advance of glow into uncharred areas of the fabric. Howe 
they cannot be considered anti-glow reagents in the same sense as 
efficient boric and phosphoric acids or substances which produce ll 
two latter materials during contact with the flame. 

The further purpose attributed to anti-glow reagents, in that they 
assumed to utilize a thermal conduction or insulation function, is likc^ 
not supported by the evidence. When charred fabrics arc prepared 
pyrolysis in a carbon dioxide atmosphere in the equipment of Figure 2' 
Chapter II, and then heated in a sti’eam of air, their thermal bcha' 
may be observed. The I'nte at which a thermocouple embedded in the c 
attains a temperature maximum characterizes conductance and oxidii 
tendencies, and it is found that although all salts retard the rate and 
• tent of temperature elevation, there i.s little if any correlation betw 
these thermal effects and the glow-retarding properties of the salts, cxc 
when these materials arc added in large amounts. An example of tliis t 
of behavior is illustrated in Figure 5, where effects shown by the excel' 
glow retardant NHJIjPOi a™ similar to those exhibited by the g 
flame- but poor glow-retardant mixture of borax and boric acid in 
ratio of 1 ; 1. This contrary behavior is further accentuated by the I 
that less than of ammonium phosphate will prevent glow in a char 
fabric, and that additional amounts ai’e unnecessary provided other 
organic substances are absent. 

At high temperatures the thermal properties of charred residues from 
riously treated fabrics arc however quite different, and the insulation vf 
of these chars is directly attributable to their, glow-resistant quahl 
This property is not directly dependent upon the added retardant but 
function of the carbon itself. This is shown l)y the behavior of fab 
when subjected to various conditions in the equipment in Figure 6, p. 
Here either flames of a reducing or oxidizing nature or air blasts 
various temperatures may be allowed to impinge on fabrics and the 
sultant temperature at various distances from the opposite face 
termined. Experimentation shows that ilameproofed fabrics, subjected 
heat sources of intensity greater than 1000“ 0. offer resistance to h 
transfer so that the ambient temperatures below the fabric are redu 
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Figmc 6. The thoimal effects in the oxidation of 
chancd fabrics (Fabiics heated in CO 2 atmosphere for 10 
minutes, thence in air ) The per cent values are the ad- 
ditions of AJ*. ammonium phosphate, and BB borax- 
boiic acid 1.1. M denotes the maximum temperature 
attained. 
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considerably, and that glowproofing increases the period over which this 
protection is effective. This effect is observed irrespective of the nature 
and intensity of the heat source, since reducing and oxidizing flames as 
well as air blasts from 600 to 1000** C, give similar results. The rate of 
temperatures attained under the glowproofcd fabrics eom])arcs favorably 
to that attained with asbestos paper of similar thickness, Similarly, with 
air blasts at 800® C., the time required to reach 200® C, at Vi inch below 



Figure 7. The cIToct of glow rctardutioii on the insulation 
afforded by fabrics. The tempera lures arc those atUuned in 
**dead air” % inch behind the fabric, with an ambient ex- 
ternal temperature of 600-700® C. 

these non-glowing fabrics is equal to or greater than that for glass-asbcsloH 
or glass-neoprene fabrics either alone or when jilicd, indicating a higlior 
insulating value for the flameproofed cotton fabrics. An example of the 
behavior of various fabrics is shown in Figure 7, Tliesc difforonces result 
from the variance of the type of oxidation pursued by the charred residue 
With the glowproofcd type, the char, retaining all of the fabric-clmractcr 
of the original material is oxidized slowly and uniformly by tlic soiu’cc 
and at no point docs it even attain incandescence, The non-glowproofcd 
type, however, attains a white heat and decomimses with rapidity in 
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various locations allowing for intense radiation, and very soon the char 
crumbles allowing the full blast of the incident source to penetrate the 
material. Tlie insulation is directly dependent upon the retention of a 
non-ponetrablc fabric-like structure where the “dead-air*^ space and the 
normal low thermal conductivity of carbon function to retard calorific 
transfer. It is only in an indirect manner that the retardant itself acts in 
the conductivity barrier via its effect on the type of oxidation pursued by 
the carbon. Tn the case of the metallic oxide coatings, however, it appears 
that the incandescent particles of the fiame retardant may contribute to 
their especially poor insulation effects by enhancing radiation. 

The actual physical nature of the carbonaceous residues are not gov- 
erning factors in their glowing characteristics as shown in the previous 
chapter, and from the above it would appear unlikely that the glow-retard- 
ing phenomena could be induced by the retardant via purely physical 
means. 







Section Two 

METHODS 





Chapter IV 

Test Methods for Evaluation 

An ideal flameproofing agent might be defined as that material which 
when present in very low add-ons is capable of rendering a fabric com- 
pletely and permanently resistant to both afterflaming and afterglow 
without adversely affecting any of the other desirable fabric character- 
istics. The merit of a flameproofing agent, then, may be considered as 
being primarily dependent upon its ability to effectively prevent after- 
flaming and afterglow. Its practical value, however, is also governed by 
the extent to which it may impair other desirable fabric properties such 
as hand, strength and the permeability of the cloth to air and moisture 
vapor, In addition, its practical significance is further dependent upon the 
licrmanonce of the flameproofness attained as indicated by the resistance 
of the treated fabric to leaching and laundering and the ionic exchange 
reactions produced by exposure to excessive perspiration or immersion in 
sea water. Finally, considering the application to clothing fabrics it is 
important that the added flameproofing treatment does not increase the 
heat load im])osed by a garment upon the wearer nor produce any other 
undesirable physiological effects. 

In the light of tlicse functional requirements, it is evident that in initiat- 
ing any experimental program for the investigation of flameproofing agents 
it is essential tlmt suitable laboratory test methods be available for proper 
evaluation of the retardants developed and classification as to compara- 
tive cflicicncies. Any amount of research on new or improved methods of 
flainoproofing will be of little value if the products developed cannot be 
quantitatively compared with contemporary treatments both with respect 
to the initial flameproofness achieved and the influences exerted upon 
other desirable fabric properties. An attempt has been made in this chap- 
ter to assemble representative laboratory test procedures as would be re- 
quired in order to properly evaluate flameproofing agents or treated fab- 
rics. In order to illustrate the significance of the tests described and at the 
same time outline a suggested program for the comparative evaluation of 
flameproofing materials, the test procedures are preceded by a description 
of the performance requirements established for the laboratory investiga- 
tion of flameproofing agents or flameproofed fabrics. 

1)7 
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A. EVALUATION REQUIREMENTS 
Robert W* Little 

A coniprehGnsivG study of the perform fin co chfirfictcristics of n flfimc- 
proofing agent is generally a detailed and tirnc-consiiming jirocess. Siiu o, 
in the course of developing new retardants or evaluating the inaierialfl pnj- 
posed by other investigators^ it is often desirable to obtain a rapid initial 
estimate of the effectiveness of a treatment, the evalimlion i^rograin em- 
ployed in the experimental work of N.R.C. Project Q.M.C, #27 included 
a shorter, less extensive study intended to give a preliminary appraisal of 
the effectiveness of a retardant. In the event that the material tested dem- 
onstrated superior performance in these preliminary experiments, it was 
then committed to the extensive complete evaluation. The specific tests 
included in any particular instance are dependent upon whether the mate- 
rial being evaluated is available in the form of the flameproofing agent 
itself or only as a processed fabric and also upon the expected durability 
of the retardancy obtained. 

Since the flaraeprooflng agents which may be encountered fall rallior 
naturally into the categories of temporary and durable trcalmcnls, it is 
well to consider the evaluation procedure for each of tlicso two cases 
separately. 


1. Preliminary Evaluation 
a. Temporary Treatment 

In the event that the flameproofing agent itself is available for ovnlua- 
tion it is desirable to obtain a rough approximation of the minimum 
add-on requirements for effective flameiu^oofing. To acluovo I his, Iwo 12 
by 20 inch samples are impregnated with add-ons of 10 and 20 7 ^^ l^y im- 
mersion in solutions of these same percentage conccntralions followed by 
squeezing to a 100% wet pickup. 

Flame Tests. The two samples, treated as described above, are condi- 
tioned for at least 24 hours at 70® F. and 65% R.H, and subjected to llie 
45® -Microburner and Vertical-Bunscn burner flame tests, using duplicalo 
specimens in each case. The flame test data is recorded in (ormR of aflor- 
flame time in seconds, time of afterglow in seconds, and char area or char 
length in square inches or inches respectively. On the basis of those initial 
flame tests, the lower effective add-on is selected and employed in tlic 
preparation of treated fabric for use in the remainder of the preliminary 
evaluation tests. 

When the material being evaluated is in the form of previously proc- 
essed fabric, one 12 by 20 inch sample is taken and specimens cut for 
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duplicate measurements in the 45‘’-Microburner anc^j^^tibal-Bunsen 
flame tests, In this case the same treated fabric is employ^ 
evaluation tests. 

In order to avoid repetition, references to the '^flameproofed fabric” or 
'^treated fabric” in the following discussions will be construed as meaning 
the treated fabric either as received or as impregnated with the approxi- 
mate minimum effective add-on previously determined. 

Tendering Tests. In order to determine the extent of any loss of 
fabric strength caused by the impregnation process, standard tensile test 
measurements are carried out on both the untreated and treated fabric. 

This requires a fabric sampfe 6 by 12 inches in each case in order to pro- 
vide triplicate measurements by either the grab or raveled strip tensile 
teste. Measurements are made in the direction of the warp threads only. 

These preliminary tests of a temporary flaraeproofing treatment afford 
a rough estimate of its flameproofing efficiency and the effect of the proc- 
ess upon the fabric strength. 

b. Durable Treatments 

Leaching Tests, In the case of flameproofing treatments of a more 
or less durable nature, the above evaluation procedure is 8iii')plemented 
by a few simple leaching experiments. The additional specimens required 
increase the size of the original sample to be impregnated or cut from the 
treated fabric, whichever the case may be, from 12 by 20 inches to ap- 
proximately 21 by 23 inches. The initial flame tests are performed as de- 
scribed above for the water-soluble type, employing higher add-ons of 20 
and 407?' respectively. Again, the lower effective add-on is selected and 
that fabric employed in subsequent evaluation tests In addition to trip- 
licate tensile strength measurements as performed with the temporary 
treatments, single 7 by 7 inch specimens of the treated fabric are also 
subjected to each of the following leaching experiment's* 

1. 30-miniitc immersion in distilled water with constant stirring. 

2. 5-niinute immersion m 6% sodium chloride solution, followed by 
wringing out excess solution, conditioning 24 hours at 70® F. and 65% 

R.FL and leaching for 30 minutes in running tap water. 

3. 1,3 and 6 launderings in 0,5% G.I. soap/ 

Following the leaching and laundering treatments, the specimens are 
air-dried, conditioned and subjected to the 46® -Microburner flame test, 
noting the times of afterflame and afterglow and measuring the char area. 

These few simple tests provide for a preliminary estimate of the effi- 
ciency of a durable-type treatment in terms of its initial flameproofing 

^ The soap listed here and elsewhere in this volume as I Soap*' is that supplied 
by the Quartermaster Corps as* Soap, ordinary issue; Specification JCQD No, 1008A, 

Sept. 17, 1945 (Stock No. 51-S-1644), 
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characteristics, the effect of the impregnation process upon fabric strength 
and the resistance of the flameproofness to leaching, ion-exclmngc and 
laundering. 


2. Complete Evaluation 

Once a flamcproofing treatment has been studied by means of the ex- 
periments just described and shown to be fairly effective, it may be con- 
sidered worthy of more extensive investigation. In this case, the complete 
evaluation procedure includes a much more Retailed survey of the initial 
flameproof characteristics of the fabric, the variation in fabric strength 
which may occur and the resistance of the treatment to loacliing, laundc’r- 
ing and sea water immersion. Furthermore, a study is made of the relative 
resistances of the treated and untreated fabrics to the iiassago of moisture 
vapor and the efTects of high temperaiiires and humidities upon the 
strength and flameproofness of the treated fabric. 


a. Temporary Treatments 

Flame Tests. When the flameproofmg agent itself is available for 
study, five 16 by 26 inch samples arc treated with add-ons of 5, 10, 15, 20 
and 30% respectively by immersion for a 100% wet picku)) in solid ions 
of these percentage concentrations. After air-drying and conditioning, llu’ 
samples are cub into test specimens and tested in quinluplicaio using bo(h 
the 45° -Microburner and Vcrtical-Bunsoii flame tests. On ilic busi.s of (be 
flame lest performance, a minimum effective add-on is selected and siifli- 
cient fabric impregnated with this amount of rcliirclanl to .servo for (lie 
remaining evaluation tests. 

Where the flameproofing treatment is available only in the form of 
treated fabric, one 16 by 26 inch sample is taken and ximl for ((uinlupli- 
cato measurements in the 45° and vertical flame tests. It is assumed in 
these cases that the add-on applied to the fabric was close to oplimnni for 
the particular process. A sample of trcnlod fabric a))proxiina(cly 30 by 100 
inches is required for the remaining tests of a corn])l{Mo cvahmlion. 

Tendering Tests. Sexiuplicaie tensile strength measuremonis are car- 
ried out by means of either the grab or strip test on the IrcalcMl and un- 
treated fabric and also on the treated fabric after it has been exjjoscd to 
the following conditions: 

1. 2 weclcs^ storage at 120° F,, 85% R .H. 

2 2, 3 and 4 vvecks^ storage at 150° F,, dry. 

These accelerated conditions arc intended to simulate the cxlremcH 
which might be encoiintcrcd in the course of normal u.sc and storage. They 
were designed primarily for the testing of flameproofed fabrics intended 
for use in articles of Army clothing. 
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In addition to these tensifo strength measurements^ the effect of the 
tendering conditions upon the flameproof characteristics of the treated 
fabric is also determined by running triplicate 45® ■'Microburner flame tests 
on specimens which have been exposed to 1. and 2, above. 

Moisture Vapor Permeability. The resistances of both the untreated 
and treated fabrics to the passage of moisture vapor are determined. This 
requires nine 4 by 4 inch specimens in order to determine the specific re- 
sistances of 1-, 3- and 6-layer assemblies. The intrinsic resistance is cal- 
culated in each case and the relative permeability of the treated fabric 
expressed in terms of the percentage deviation of its intrinsic resistance 
from that of the untreated material. 

b. Durable Treatments 

Leaching Tests, With flameproofing treatments which are intended 
to be of a more or less permanent nature, the above tests arc supplemented 
by rather extensive leaching and laundering experiincnts. Triplicate 7 
by 7 inch specimens of the treated fabric arc subjected to each of the 
following conditions: 

1 30-minutG immersion in distilled water with continuous stirring. 

2 24 hours ^ immersion in running tap water, 

3. 2 Imiirs’ rotation in synthetic sea water. 

4. 1,3 and 6 launderings in 0.5% Tgepon-T. 

5 1,3 and 6 launderings in 0 5% G I soap. 

6. 1,3 and 6 launderings in 0.5% G I. soap + 0.2% Na^CO^. 

The leaclied or laundered sjiecimcns in each case are air-dricd, condi- 
tioned for a minimum of 24 hours in the standard atmosphere and tested 
by means of the 45®-Microburncr flame tost, notation being made of the 
usual eharaetcrislics of afterflaine time, afterglow time and char area. 

The complete evaluation procedure outlined in the preceding pages pro- 
vides a fairly thorough a])praisal of the performance of a flameproofing 
agent a.s applied to (exiile falirics The retardant is classified as to the 
initial flameproofness produced, the minimum effective add-on required 
and the effect on permeability characteri.stics of tlic fabric Furthermore, 
an insight is gained* into tlic losses of fabric strength or flameprootness 
which may result u[)on exposure of the treated fabric to extremes of tem- 
perature or luimiditv such as might be encountered in the course of use 
or storage Finally, when tlic treatment under consideration is of the dur- 
able typo, the extensive leaching tesUs indicate the relative resistance of 
the treatment to solubility and ion-cxchangc reactions and the degree of 
alkalinity which the fabric will withstand in laundering solutions.^ 

If a retardant treatment is intended primarily for use in clothing fab- 
ric.s and, on the basis of the above evaluations appears to very nearly 
satisfy the requirements for an ideal treatment, additional, more specific 
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tests may be employed. Included in this gfoup would bo the laboratory 
test for determining the resistance of flameproofed fabrics to excessive 
perspiration. The final decision as to the suitability of a treatment for 
use in articles of Army clothing would rest upon the outcome of a scries 
of practical field tests. In these performance experiments, the treated 
cloth is actually fabricated into garments and worn by men under normal 
and accelerated conditions simulating those which might be experienced 
in the course of actual military operations. Wear tests of this type arc 
intended to determine the length of service which a garment may be ex- 
pected to give, the increase which the added treatment may produce in the 
heat load imposed by the garment upon the wearer or the nature and 
extent of any toxic effects which the flaineproofing agent may exhibit. 

In the following section on test procedures, tlic tests employed in the 
laboratory evaluations of flameproofing materials, as well as the supple- 
mentary tests suggested, arc described in order to define the conditions 
under which the experimental data presented in later chapters was actu- 
ally collected. In addition, it is hoped that the presentation of these testing 
procedures will aid in the standardization of selected methods for use in 
future investigations of flaineproofing materials. 

B, TEST PROCEDURES 
1. Labobatoky Impkegnations 
Robert IF. Little 

The efficiency of any compound or mixture as a namoproofing agent may 
be predicted on the basis of itS'Chcmicnl and physical properties and its 
performance in a number of more or loss fundamental laboratory tests. 
The final decision as to its effectiveness in eomparison with known and 
tested retardants, however, must bo based upon practical flame test evalu- 
ations of a fabric to which the agent has been applied. It is apparent, 
therefore, that the method of applying the flnmoproofing agent to the' 
fabric is of nearly as groat importance as the flame test cinjrloyed in 
evaluating the treated cloth. The uniformity with which a retardant is 
applied and the degree of penetration achieved will greatly influence the 
performance in subsequent tests and hence prejudice the rating whitdi the 
agent may be assigned in comparison with other finincproofing materials. 
To obtain a true picture of the relative cflicicncics of a group of flame- 
proofing agents, it is imperative that all the members of the group be given 
an equal chance through a consistent and effective impregnation tech- 
nique. In the following sections are presented the I’ccominondcd jn’occ- 
dures for the application of flnmeproofing agents to test fabrics on a 
laboratory scale. The apparatus is limited to the simplest typos of labora- 
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tory equipment in order to be of help to the greatest number of investi- 
gators. Obviously, more uniform and effective applications can be attained 
through the use of small-scale commercial equipment such as a Butter- 
worth paddei*. However, the exact nature of the treating apparatus is 
secondary in importance. The primary requirement is that the same equip- 
ment and technique be employed in all cases where comparisons of test 
data and relative efficiencies are to be made. 


a. Single-Bath Applications 

This method of applying flameproofing materials to woven fabrics from 
a clear solution of the retardant is applicable to those agents which are 
soluble in organic solvents as well as to the aqueous solutions of the more 
common water-soluble retardants. 

To aid in attaining uniformity of treatment among specimens which 
are to serve as multiplicates in one of the evaluation tests, a strip of 
fabric is cut which can be processed as a unit rather than treating each 
specimen individually and introducing additional variables into the com- 
parisons. Prior to impregnation, the fabric strips arc conditioned for at 
least 24 hours at 70"* F. and 65% R.H. and weighed, in order to obtain a 
control weight of the fabric for accurately determining the add-on ob- 
tained. The conditioned strips are then soaked for a total period of ap- 
])roximately 6 minutes in an appropriate volume of the retardant solution 
of the desired concentration. During the soaking period, the strips arc 
jiasscd twice through a simple hand wringer returning the fabric to the 
liatli caoli lime. The wringer should be set so that the weight of the wet 
ii’eatcd fabric is just double that of the untreated strip. This constitutes 
a 100% pickup and indicates that the treated cloth then contains an 
amount of retardant expressed in per cent approximately equal to the per- 
centage concentration of the treating bath. The strip of fabric is pa.ssed 
ihrougli the wringer a third time and weighed approximately to check on 
the wet [)ickup obtained. If the fabric contains too little or too gi’eat an 
amount of retardant, the wringer should he adjusted corresi^onclrngly and 
the rc immersed strip passed again through tlie rolls. With a little experi- 
ence, the wringer can be calibrated and accurately set for a 100% wet 
pickup. The treated strips are finally air-dried and again conditioned for 
at least 24 hours at the standard atmosphere. A final weighing is made to 
obtain the apparent dry add-on of the flameproofing agent. 

In the case of the temporary type of water-soluble retardants, the 
treated fabric is now ready to be tested. With some of the more durable 
treatments, such as the urea-phosphate type, the flameproofing agent is 
applied from aqueous solution as described above but requires subsequent 
curing and washing before the fabric is conditioned and weighed to de- 
termine the add-on. 



104 


METHODS FOR EVALUATION 


b. Double-Bath Applications 

As described above, strips of the fabric to be treated are cut, condi- 
tioned for 24 houre in the standard atmosphere and weighed. The sample 
strips are then soaked for a period of 5 minutes in an appropriate volume 
of a solution of the firat reactant in the double-bath process, being jiassed 
through a hand wringer twice during tlie soaking period. The samjiles are 
then passed between the rolls a third time and weighed to insure a wet 
pickup of approximately 100%. After air-drying, this procedure is re- 
peated using a solution of the second reactant. When several strips of 
fabric are treated simultaneously, a fresh portion of the second solution 
should be used for each sample strip. The treated samples arc then sub- 
jected to a 16-minutc leach in running water to remove the imrcaetcd 
water-soluble salts. After conditioning for a period of not lo.ss lhan 24 
hours the strips are again weighed to determine the diy add-on obtained 
and arc ready to be tested. 

c. Suspensions or Emulsions 

The prepared impregnating mixture is placed in a V-shnped trougli 
which is held adjacent to a hand wringer and is constructed in such a 
manner that the drippings from the rolls run back into the treating bath. 
A bar or roller at the bottom of the trough servos to hold the fabric im- 
mersed wliilc passing through the bath. Strips of fabric, which have Ix'cn 
conditioned and weighed, arc drawn slowly through the rctnrdnni inixlui'o 
by means of the hand wringer, the rolls of whicli have been set aca'ortlmg 
to the add-on desired. With emulsion and suspension applications il is 
often more desirable to adjust the final add-on by varying (ho pi’i'ssure 
of the wringer rolls rather than changing the concentration of the biitli 
For this reason the desired wot pickup may be other lhan 1007 ^- Tn anv 
case, the pressure to be apiilied in wringing mint be determined liv ex- 
perimentation and it is well to determine the correctness of (lie prc.ssure 
used by weighing the wet strips as they leave the wringer. 'Plic strijis of 
fabric are passed through the hath and wringer three consecutive tunes, 
air-dried to remove the bulk of the volatile organic materials, and finally 
dried in an oven at 100“ C. for 10 minutes to remove the last (rai'es lif 
solvents. After conditioning for a 24-hour period in the standard atmos- 
phere and weighing to determine the dry add-on obtained, the treated 
fabric is ready to be cut into specimens and tested. The same trough and 
general method of treatment can be used in the application of resin coat- 
ings to flameproofed fabrics. In this case, however, a single pass through 
a dilute resin solution is suflicient. 

There are many types of flameproofing agents which require special 
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application techniques and cannot be applied by the methods outlined in 
the preceding sections. In genera^ however, the majority of the better 
flame- and glow-retardant treatments may be applied to fabiie by one 
of the techniques described. The fundamentals of these laboratory meth- 
ods of impregnation closely resemble the type of processes which can be 
handled on commercial apparatus currently existent in the textile indus- 
try. Flameproofing treatments which require very special equipment and 
techniques for application to the fabric may not be exploited because of 
the scarcity of special large-scale equipment of a similar nature in the 
finishing plant. 


2. Flame Tests 
Robert TK. lAttle 

In any study of the characteristics of flameproofed textiles the flame 
test employed in evaluating the flame- and glow-resistant characteristics 
of the fabric is of the utmost importance. The selection of a proper test 
procedure must be based upon a careful consideration of the type of fabric 
being used, the nature of the flame exposure to which it may be subjected 
in the course of service, and the requirements as to flameproofness which 
the treated fabric is expected to meet. 

It is essential that the investigator be aware of just what property of 
the treated fabric he is clcsirout^ of evaluating. In the ca.se of treated fab- 
rics which are flame resistant, but might not be classified as truly flame- 
proofed, the characteristic to be measured may be the inflammability or 
ease of ignition. It may be, on the other hand, that the most interesting 
property is not the ease of ignition, but rather the rate at which the 
fabric burns once ignition has been accomplished This might bo termed 
combustibility. With efficiently treated materials the projjcriv to I)g tested 
would be the general flameproofness of the fabric. The requirements of a 
test for quantitatively determining relative flameproofness, inflammabil- 
ity or combustibility would be very different in each case. 

Considering the flame tests commonly cmjiloycd in the testing of flame- 
proofed fabrics, the observations recorded serve to estimate the dograrla- 
tion suffered by the specimen through three different inGchanisms. The 
char area or char length measurement serves as an index of the total 
damage suffered by the fabric, while in contact with the igniting flame 
and also resulting from extended afterflaming or afterglow. Tlic time of 
afterflaming in seconds is a measure of the extent of decomposition caused 
by autocombustion after the igniting flame has been extinguished. Finally, 
the duration of afterglow serves as an estimate of the damage suffered 
through oxidation of the charred residue and adjacent fabric once all 
flaming has ceased Which of these flameproof characteristics is considered 
to be the most important will largely govern the selection of a proper 
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flame test and will be dependent upon the end use and performance re- 
quirements of the fabric being considered. It cannot he emphasized too 
strongly that the selection of the proper test apparatus and procedure is 
dependent upon the anticipated use of the fabric and the requirements to 
be satisfied. A flame test which is too severe or too mild may give an 
entirely erroneous picture of the relative oflicienoies of flamoproofing 
agents for a specific application. 

A great number of laboratory burning tests have been developed for 
estimating the relative flame and glow resistance of flamoproofed fabrics. 
For a complete picture of the tests developed and the details of their ma- 
nipulation the reader is referred to the technical, trade, and patent litera- 
ture on the subject.*' “ An attempt will be made in the following pages to 
present a brief outline of the best of the available tests, emphasizing those 
which show special merit and appear to be most widely applicable. 


a. Tests for Relative Inflammability 

Under the pressure of current legislation in the state of California and 
impending federal legislation, this test has recently been developed by a 
special subcommittee of the American Association of Textile Chemists and 
Colorists. This committee on Flammability of Consumer Textiles was 
charged with the responsibility of developing a lest method and aiiparatiis 
which would servo to measure the relative inflammabilities of consumer 
fabrics and hence afford a means of differentiation between hazardous nnil 
non-hazardous fabrics. The definition of a given flaming time in .‘((Tond.s 
ns signifying a dangerously inflammable fabric is obviously a difficult and 
responsible task and one which would require the careful comparison of 
test data obtained cooperatively by many different opornlors. This cor- 
relation work is still in progress and hence the final details of. the test 
method and performance requirements have not yet been slated 'riic U‘st 
is unique at the present time, however, and warrants presentation as far 
as the details have been established. It is readily apparent that a test of 
this type would not be applicable to the testing of truly flnmcproofod fab- 
rics. It is primarily intended as a means of differentiating liclwccn various 
untreated fabrics, classifying them as somewhat hazardous or higtily 
hazardous based upon their burning characteristics. 

A.A.T.C.C. Flammability Test. The apparatus ns it now stands is 
shown in Figure 1. It has been developed lo be completely automatic, 
eliminating nearly all the personal error attributable Lo the operator. The 
specimen rack is adjustable in order lo compensate for the differences in 

"‘‘The Fireproofing of Textiles.” Research Rept. of Textile Research Institute, 
Inc. (July, 1043). 

“"Recommended Requirements for Flamoproofing of Textiles.” Nalionnl Fire 
Protection Assoe., Boston, Mass. (1941). 
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fabric thickness. A specimen shield is provided to hold the test specimen 
flat on the rack and prevent curling once flaming begins, The shield at 
the same time eliminates any possible edge effects by covering the cut 
edges of the specimen. 



CoHitesy of /Imcncan Association of Textile CfiemisU and Colorists, 
l^igurc 1 A.A.T.CC. Flammability Tester 


A, Draft-proof chamber with adjustable 
top. 

E. *Si)ooiincri rack, fixed at an angle of 
45®, consisting of a 4 by 7 inch 
frainewoik laced horizontally with 
h ('a t- transni 1 1 ting wi re . 

(\ iSpecimen .shield which covers all but 
a 1.5 by 0 inch strip of the test 
specimen 

D, Indicating finger, by means of which 
the tliickness of the sample is cora- 
jiensatod for in the throw of the gas 
nozzle. 

F Gas nozzle. 


O. Stop cord which determines vertical 
flame height. 

H, Guide for stop cord. 

/. Stop weight, clipped to cord. 

J. Control foi holding sliding door open 

K, Slide door (shown in end view) nor- 
mally slides in the gIOo^es at the 
front of the cabinet 

L* Fuel control valve (used in conjunc- 
tion with a flowmeter). 

M, C.P. Butane container. 

N, Stop watch and timing mechanism 

O, Starting lever. 

P, Cord supply. 


Quintuplicate specimens, 2 by 6 inches, are cut from the fabric being 
tested, 6 being cut parallel to the warp threads and 6 parallel to the filling. 
Tliese arc dried in an oven for 16 minutes at 106® C. and cooled in a 
desiccator for at least 3 minutes. The desiccator contains anhydrous eal- 
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cium chloride along with cobalt chloride to indicate the efficiency of the 
desiccant. Specimens are tested immediately upon removal from llie desic- 
cator and the data recorded as to the time in seconds which elapses from 
the moment the flame contacts the fabric until the apex of the flame 
reaches a plane horizontal to the top edge of the specimen. Bringing the 
starting lever over to the extreme right and releasing it starts the timing 
mechanism which applies the flame to the fabric for the 1 -second period 
of exposure. The timing is automatically recorded by the watch, starling 
when the flame first contacts the specimen and stojiping when the flame 
reaches and bums the fine thread across the top of llie specimen. 

Just what flaming time is to be considered as the demarkalion lino be- 
tween acceptable and dangerous fabrics will necessarily he dojmndcnt 
upon the outcome of the extensive correlations now in jirogrcss, 

b. Tests for Relative Combustibility 

Still considering treated fabrics which arc flame ro.siatanL but do not 
possess sufficient flame retardancy to prevent coinbuslioii once ignition Ims 
been accomplished, tests have been developed to determine the relative 
burning rates of fabrics. This typo of lest is a valuable tool in the more 
fundamental studies of flameproofing agents. It enables one to make cloho 
comparisons between the relative efficiencies of various ireatnioutH bv 
studying the burning characteristics of low add-on fabrics. Tlie sciisitivb v 
of the test is such that the effect of sizing alone on the burning rale of 
the fabric may bo clearly indicated. 

Flame-Rate Test. This tost for measuring Lho rale of name propaga- 
tion of a burning fabric was developed in the course of the (‘xpcnnumlul 
work of the flameproofing project at Columbia Umversily iiiidcr N R (! 
Project Q.M.C. :^27. No special apparatus is rcriuircd for carrying out 
the test though a convenient cabinet could easily be designed 

A 2 by 30 inch strip of the fabric to he tested is marked off m ri-incli 
intervals and suspended from a wire by moans of small mcla! cli])s jiluccil 
at 2.5-inch intervals along the entire length of the spocimon. 'riic wii-(' is 
held taut at an angle of 30" to the horizonlnl and the fnhric .stirfaco lies 
in a vertical plane. The entire apparatus must he enclosed in a draft-pi’oitf 
hood. The fabric is well ignited at the lower end by iiu'niis of a mat eh 
or Bunsen burner and notation made of the time r('((uin'd for lho Ihunc 
to travel each 5-inch interval, The time is not recorded for lho first in- 
terval since burning begins erratically and bocomes steady during lids 
period. Similarly, the time for the last 5-inch interval is not very ili'iiend- 
able since the burning often bocomes erratic at the end of the stri)). By 
plotting length in inches against time in soconcls and taking the slope (if 
the line, the burning rate of the fabric is expressed in terms of inches jicr 
second, 

It is convenient to cut the test strips parallel to the filling threads thougl). 



B, TEST PROCEDURES 


109 


specimens may be taken with warp or filling as long as they are cut con- 
sistently in the same direction of the fabric. In some cases where one sur- 
face of the cloth varies radically from the other, as with the brushed pile 
type of fabric, it is desirable to suspend the test specimen with the fabric 
surface in a horizontal plane. This is readily accomplished by supporting 
the strip between two parallel wires. A convenient method of attaching 
tile fabric to the wires is by means of an office stapling machine. Tlie wire 
staples are driven loosely into the edge of the strip such that one arm of 
the staple clamps into the fabric and the other arm remains free to be 
threaded on the supporting wire. The versatility of the test is enhanced 
by the ability to vary the angle of inclination of the test strip. When inter- 
ested primarily in fabrics of veiy low combustibility the specimen may be 
inclined at an angle approaching the vertical. With highly combustible 
fabrics, on the other hand, the test strip may be inclined at angles only 
slightly removed from horizontal. Obviously^ for any given set of com- 
parative tests, the angle of inclination slioiild be held constant.' 

Q.M.C, Flammability Test."^ This test as employed at the Philadel- 
phia Quartermaster Depot requires a test specimen 1 by 6 inches. 

The apparatus consists of two metal frames resembling miniature lad- 
ders which are hinged together at their upper ends and supported from a 
ring stand at an angle of 30*^ to the horizontal. The frames arc 8 inches 
by 1.25 inches, the cross rods being 1.5-inch lengths of No. 28 heat- 
resistant wire. 

The specimen is clamped between the two frames with 0 25 inch of the 
lower end hanging down from the frame end. Ignition is accomjdi^licd by 
holding a safety book match to this lower end for 5 seconds Notation is 
made of the time required to burn the 6-inch strip including the 5-sccond 
ignition period. In the event that the specimen is not consumed, the length 
of the charred area is taken as the measure of ^‘flammability." The results 
are expressed m the following manner: 

'‘N" seconds or 

"Supports combustion," extinguished after “N" seconds; "x" char length 
or 

"Docs not support combustion"; “x" char length. 

This test does not provide the sensitive differentiation of tlie foregoing 
test but is convenient for some applications. In general the use of sup- 
porting wires across the test specimen introduces inconsistencies into the 
results due to the heat taken up by the wires themselves. 


c. Tests for Relative Flameproofness 

A great many different flame tests have been developed for determining 
the relative efficiencies of flameproofed fabrics. The tests differ from one 

^‘Test Methods for Textiles.” PQD. No. 447A (Jan. lO, 1946). 
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another with respect to the test cabinctj size of sample, alignment of the 
test specimen, nature of the heat source, duration of exposure of the heat 
to the fabric and the observations recorded. Some of the available tests 
are valuable for certain specific uses but are not generally applicable to 
the over- all problem of flameproofness. Others are almost universally ap- 
plicable to the testing of flameproofcd fabrics but do not emphasize one 






Alcohol Cvp 
onCohhBasc 

Figure 2. Various flame sources employed in tesla for relative flameproofness 


characteristic sufficiently to be desirable for very specific applications. A 
few of the better-known flame tests, which are rep resent a live of the sev- 
eral types, are presented in the following pages. A brief description of 
apparatus and technique has been given in each ease. With the more or 
less standard tests the reader is referred to the literature cited for the de- 
tails which have been omitted. To assist in describing the means of ignition 
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in the several tests, the more common flame sources are presented pictori- 
ally in Figure 2, 


(1) V'er^lca/ Specimens 

Underwriters* ‘Tlammability** Test.® The apparatus consists of a 
sheet iron stackj 12 inches square and 7 feet high which stands on legs 1 
foot off the floor. The test specimen, which is 7 feet long by 6 inches wide, 
is hung from a bar at the top of the tube such that its bottom edge is 5,75 
inches above the top of a 0.376-inch Fletcher burner. The burner flame is 
adjusted to a height of 11 inches by varying the air intake, maintaining a 
gas pressure of 108 mm. of water. The specimen is exposed to the flame for 
a 2-minute period and the time of ignition and time of cessation of flaming 
and glowing recorded, Also a measurement is made of the distance from 
the tip of the flame to the top of the charred area. 

The test as described has several limitations. The test specimen is not 
held securely in place during the test and hence moves about as flaming 
progresses. The test is by necessity limited in its applicability as a research 
instrument because of the space required to house the apparatus and the 
amount of material required for the test specimens. 

Freeman Stove Pipe Test.® The apparatus in this case consists of a 
5-inch brass tube, 24 inches long, which is lined with asbestos paper. The 
tube is ventilated by means of eight 0 75 by 1,50 inch vertical slots at the 
bottom. Six 24 by 3 inch specimens are tested simultaneously by hanging 
them at regular intervals from a rack at the top of the tube. Ignition is 
accomplished by burning 1 oz. of excelsior inside the base. Relative per- 
formance is based upon the per cent of the initial weight lost. 

A modification of this test has also been proposed ^ in which the igniting 
flame is that of a 6-inch radial Fletcher burner adjusted to a height of 
4 inches. In the modified test only three specimens are tested at one time 
and the exposure time is reduced to 15 seconds. 

Due to the severity of the conditions of this type of test, most flame- 
proofed fabrics are almost completely destroyed and thus there is little 
opportunity for differentiation between various treatments. In addition 
the deterioration in terms of per cent loss in weight depends too much upon 
the weight and weave of the fabric used 

Vertical-Bunsen Burner Test. The test cabinet consists of a sheet- 
metal shield 12 inches wide, 12 inches deep and 30 inches high, open at 
the top and provided with a vertical sliding glass door. A space is left at 
the bottom of the front to permit manipulation of the gas burner used in 
igniting the specimen. 

® "Recommended Requirements for Flameproofing of Textiles.*' Nat*l. Fire Pro- 
tection Assoc., Boston, Mass. (1941), 

Am. Boo. Meek, Engr.t 27, 71 (1906). 
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1 ; ' 

I With each sample of flaraeproofed fabric, ten 2 by 12.5 inch specimen 

ij are cut for test, five with their long dimension in the direction of the war 

*1 and five in the direction of the filling. The siieciinen being tested is sus 

'■ pended vertically from the top of tlic cabinet by means of a clamp whic 

covers the upper 0.6 inch of the length. The lower edge of the spccime 
I is adjusted to be 0.76 inch above the top of a Bunsen or Tirrill gas burnci 

f The burner has a tube of 0.376-inch inside diameter and the flame heigh 

!; , is regulated to 1.6 inches with the air supply completely shut ofT. Th 

!_ . resulting flame is luminous and wavering. 

.' The flame is applied vertically in the middle of the lower end of th 

specimen for 12 seconds, then withdrawn and the duration of aftorflamin, 
in seconds is noted. The specimen remaihs in place in the calnnet for th 
duration of any afterglow and the length of the charred portion is thci 
measured. This is accomplished by inserting hooks in tlic lower porlioi 
of the specimen, one on each side of the charred area, supporting a givci 
weight on one hook and slowly raising the other. The cliar length is dofinci 
, as the distance from the lower edge of the specimen to the extremity o 

r, the tear produced. 

! The criteria of an effectively flamoproofed fabric by this test arc lha 

the specimen shall not show more than 2 seconds’ afterflaming, tlic avorag 
length of char of the ten specimens shall not exceed 3,5 inclics, and llii 
maximum length of char for any one specimen shall not he giealcr tluu 
4.5 inches. 

This test is quite widely used and, with minor clifrerenres, is Ihc (ps 
employed by the U. S. Bureau of Standards,^ tlic National Irirp Protoclioi 
Association,® TJ. S. Government Agencies,*' American Rocioly for 'flest 
iiig Materials, “ and the National Research Council of Canudu.’- Tin 
cabinet specified by the Bureau of Standards is 14 inches whhi rntlicr lliui 
12. As employed at the Philadclpliia QuartcnnnsU'r Depot, tlic a|))mrulu 
includes a samjilc holder wliieh clamps the specimen preventing curliii) 
and wavering during the tost. Tn addition, the s|iccimcns arc removed fron 
the test cabinet when afterflaming has censed and hung on a special win 
rack throughout the afterglow period. Both the cabinet and (he aflcrglov 
rack arc kept in a draft-proof hood. The method and apparatus of tin 
Canadian National Research Council differ from the above method ii 

^ “FlftmcproofinK of Tcxlilc.s ” R, 1) Delwcilcr, Jr.— LcUcr Circular No -107- 
Nat’l, Bur. St’ds. (1030), 

*Duck, Colton; Fire, Water and Weather llesislant Fed Sri(>c CCC-I)-7'I( 
(Fcl>, 17, 1930). 

“ ''Te,sl Method.? for Toxliles P.Q.D No. 4'17A (Jan If), lO'in). 

Quartermaster Corps, Tent. Spec. — JQ.D. No 242 (Dec. 2, 1942). 

"Tentative Specification.? for Fii-p-Relnrdanl Properties of Treated Texlik 
Fabrics.” A.ST.M. Standards on Textile Materials. 

"Schedule of Methods of Testing Textiles.” Cmindian Gov't. Purchasing Stand 
arda Conam.-No. 4-GP-2-1042 (Oct. 16, 1040). Amended Jan. 10, 1042. 
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two important particulars. The cabinet does not have a glass door on the 
front, both the top and front being open. Furthermore, in addition to the 
aftcrflnming time and char length, attention is paid to the occurrence of 
any flashing of the sample upon contact with the flame and the time of 
afterglow is measured. 

Tlie Vcrtical-lBiinsen lost possesses many advantages, among them be- 
ing the simplicity of operation, small specimen required and the small 
flame which helps in attaining reproducibility. It also, however, suffers 
from several disadvantages, some of which can be obviated rather easily. 

In the early work of the N.R.O.-Q.M.C. Flameproofing Project at Co- 
lumbia University, a Flame Test Cabinet was developed in which vertical, 
horizontal and 45“ flame tests could be carried out (see Figure 3). In ad- 
justing the Vcrtical-Bunsen test to this cabinet as a research instrument 
for use on flame-proofed clothing fabrics, several of the previous disad- 
vantages were avoided. A small pilot light was attached to the bui’ner 
winch jn’ovidcd instantaneous ignition and more accurate timing of the 
ignition jieriod. Furthermore, it eliminated the necessity of moving the 
burner into jmsition each time. The burner was fixed permanently m posi- 
tion in the cabinet which greatly improved reproducibility As an addi- 
tional aid in maintaining a constant adjustment of specimen and burner, 
the lower corners of the test strip were ancliorccl to the floor of the cabinet 
by means of rubber bands or light wire springs. These could be easily 
clipped on the fabric and held it quite firmly in position without excess 
tension on the specimen. The cabinet itself was covered on top leaving a 
ventilation hood, and the opening at the front was replaced l)y a senes of 
0.5-mcii hoIc.s along tlic bottom of each side. This provided adequate ven- 
tilation but avoided undesirable drafts. The extremely wavery luminous 
Bunsen llaino necessitateil reducing tlic open spaces in the calunet in ,so fai- 
ns i)o.ssil)]c. All test specimens were conditioned for at least 24 hours m 
the standard ntmosphere of 70“ F. and 65po R.H. and it is believed that 
this slioiild l)c one of tlic required steps in all flame test procedures. Since 
the clothing fabrics being tested were generally eflicientlv flameproofed, 
the specimens were allowed to remain in the test cabinet lliroughout tlie 
afterglow period. This has been found to lead to more consistent and 
dependable data wlietbcr the actual time of afterglow is considered or 
not In the belief that afterglow occurring in the clothing could be equally 
as dangerous as afterflaming and much more difiicult to extinguish, the 
time of afterglow in seconds was observed along with the afterflaming time 
and lengtli of char. The criteria of flameproofness assigned to the Co- 
lumbia tests wore that the treated fabric exhibit no afterflaming, less than 
4 seconds' afterglow, and a char length not greater than 3.5 inches. These 
requirements ns to the performance of the specimen in the flame test are 
obviously dependent upon the weight of the fabric, the type of treatment 
desired, and the use for which the fabric is intended. 



Figure 3. Columbia Flame Test 
Cabinet. 

A, Side view, showing pyrcx-glass 
doors in place, control valves and 
reservoir-manometer system for 
maintaining constant gas pressure. 



B. Front view with sliding doors 
removed showing vcndical and 45“ 
test specimens in position for 
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In comparison with 45° and horizontal tests, the alignment of the test 
specimen in the vertical direction produces those test conditions which 
are the most severe with respect to afterglow. Many treated fabrics which 
display no afterglow in* the horizontal or 45° tests show a relatively strong 
afterglow when subjected to the vertical test. In contrast, the Vertical- 
Bunsen test shows the least tendency towards afterflaming when testing 
efficiently flameproofed fabrics. It is therefore apparent that, though it 
may have universal applicability, the Vertical-Bunsen burner flame test 
is of particular value in those cases where afterglow is the flameproof 
characteristic of primary interest. 


{2) Horizontal Specimens 

Corps of Engineers — "Tlame-Resistance” Test.^® No specific test 
apparatus is described in the specification though it is stated that '^the 
test shall be conducted in a hood or enclosed space so that the test shall 
not be affected by drafts.” 

Two 9 by 6 inch specimens of the impregnated fabric are conditioned 
for not less than 24 hours in the standard atmosphere and immediately 
tested. By means of a testing frame (which is not described) the specimen 
is supported in a horizontal position with the center of the specimen 3 
inches above the lip of the cup containing the fuel. The igniting flame is 
obtained by burning 0.3 ml. of anhydrous ethyl alcohol (absolute) in a 
flat-bottomed brass cup. The brass cup is constructed of y^o-mch sheet 
stock and is in outside diameter and %2 inch high, A material 

of low heat conductivity such as cork is used as a base for the test cup. 
The test specimen remains in position until afterglow has ceased. With- 
out removing the specimen from the testing frame the charred area of the 
fabric is removed by punching a hole in the char and running a pencil 
around the inside of the hole with slight pressure on the sides. A measure- 
ment is then made of the longest dimension of the resulting hole. The re- 
quirement of flame resistance is that the average size of the burned hole 
shall not exceed 2.5 inches. 

Apparently no attention is paid to the duration of either afterflaming or 
afterglow. The test was designed for a specific purpose and is limited in 
its applicability. 

Horizontal-Microburner Test. In designing the cabinet for the test- 
ing of flameproofed fabrics under the Columbia University flameproofing 
project, a rack was designed which enabled the use of horizontal speci- 
mens and the microburner flame. In the photographs of the Columbia 
Flame Test Cabinet shown in Figure 3, the supporting strips for the 
horizontal rack can be seen along the sides of the cabinet in Figure 3-B. 

Corps of Engineers, Tentative Specification— “Compound, Flame Resistant, 
Emulsifiable, for Fabrics.” E.B.P. No. 674 (June 29, 1944). 
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Both the apparatus and test procedure for this test are identical with 
those of the 45 -Microburner test described in the following section, the 
only differences being the use of a different supporting rack to hold the 
specimen frame and the placing of the specimen such that the flame im- 
pinges on the center of the test piece. 

Placing the specimen in a horizontal position produces test conditions 
which are the most severe with respect to afterflaming. The prevention of 
the removal of combustible decomposition products by any natural draft 
greatly intensifies the tendency of the fabric to flame after the igniting 
flame has been extinguished. In many instances fabrics which exhibit no 
afterflaming tendencies in the vertical and 45^ tests show several seconds^ 
afterflaming when tested horizontally. This testj therefore^ is much more 
sensitive to minor differences in afterflaming tendencies and would be 
preferable for those applications where the flameproof characteristic of 
primary interest is the relative resistance of the treated fabric's to after- 
flaming. The tendency of fabrics to afterglow when tested horizontally is 
not nearly as great as in the case of the 45° and vertical tests. For this 
reason, in cases where the resistance to afterglow is felt to be of primary 
interest or equal in importance to the afterflaming tendencies, the liori- 
zontal test would be less desirable than one of the other two. 

(•?) 45 ° Specimens 

British Standards Institution Test.^'^ The apparatus consists of a 
wire grid which is stretched on a 6.5-mch sciuarc metal franu^ and resle(l 
on vertical supports at an angle of 45 degrees. The igniting flame is i)ro- 
duced by burning 0.3 ml. of absolute ethyl alcohol in a small nudal cup. 
The cup is identical with that previously dcscril)c(l under llu' horizontal 
test of the Corps of Engineers. In this case, the is supported on a 
cork such that the center of its base is 1 inch vertically below Uie center 
of the lower fabric surface. 

A 6 by 6 inch specimen is spread over the wire grid and ex])osed to the 
alcohol flame which generally lasts for 45 to 50 seconds. A n'cord is made 
of the afterflaming and afterglow times following the extinction of the 
igniting flame and the extent mf the char is measured. The re(|iurement 
for a well-treated fabric is that it shall not char for a length greater than 
2 inches. 

Canadian Surface Burning Test/- This is essentially an improved 
modification of the British Standards Institution Test. The apparatus and 
procedures arc essentially the same as those described above with the fol- 
lowing modifications: 

The test specimen is 6 by 7 inches and is fastened to a metal frame 
such that a 6 by 6 inch surface is exposed. The sample is clami)cd at the 
British Standards Specification 476 ( 1932 ). 
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four corners and is in contact with the metal frame on only two sides. The 
entire 6 by 6 inch square is open to the flame and is not in contact with a 
wire screen. Furthermore, the test is carried out in a three-sided sheet 
metal screen, 10 inches wide, 10 inches deep, and 32 inches high, thus 
affording some protection from drafts. Three specimens are cut from each 
sample to be tested and classified according to the afterflaming time, after- 
glow time, and char dimensions under one of the three following cate- 
gories: non-inflammable materials, materials of very low inflammability, 
and materials of low inflammability. It should be noted here that after- 
glow which is confined to the charred area is disregarded in this test. 

45°-Microburner Test. The Flame Test Cabinet developed by the 
personnel of N.II.C. Project Q.M.C. #27 at Columbia University is pic- 
tured in Figure 3. The wooden cabinet is 12 inches wide, 12 inches deep, 
and approximately 25 inches high by inside dimensions. The front of the 
cabinet is completely closed by means of two vertical-sliding pyrex glass 
doors. Ventilation is afforded by means of the 0.5-inch holes along the 
bottom of each side and the 6-inch hooded vent in the top. The micro- 
burner is securely fastened to a square wooden block which is set in a 
fixed position in the cabinet. Notched metal strips screwed to the sides of 
the cabinet serve to keep the specimen racks in constant alignment with 
the burner. Two sets of these strips are used, one to support the rack for 
the 45 “-Microburner test and the other for the shorter rack of the hori- 
zontal test as described earlier in this section. The gas to be supplied to 
the microburner is held at a nearly constant pressure by means of the 
reservoir shown. The water manometer indicates the relative gas pressure 
and when at an angle of 15“ to the horizontal is maintained at approxi- 
mately 22 mm. A small pilot light is permanently attached to the micro- 
burner and avoids moving the heat source once the specimen is in position 
for tost. 

Three identical specimens are prepared for each measurement, being 
conditioned for at least 24 hours at 70“ F./65% R.H. before testing. A 
7 by 7 incli test specimen is placed smooth side up in a 5.5-inch square 
metal sample holder similar to an embroidery frame. The sample is placed 
at an angle of 45“ in the metal rack which is positioned so that the lower 
part of the fabric directly above the microburner is 0.75 inch above the 
top of the burner. The center of the burner is 1 inch horizontally from the 
edge of the lower metal strip holding the sample. The microburner flame, 
previously adjusted with a slight yellow tip to a height of 1.75 inches by 
means of the needle valve in the gas supply line, is applied to the smooth 
side of the fabric near the lower edge for a period of 12 seconds. The 
specimen remains in position in the cabinet throughout the afterglow 
period. The data recorded include the duration of afterflaming and after- 
glow in seconds and the charred area as measured with a planimeter. 

Investigation has shown that, for all practical purposes, it is immaterial 
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whether the flame burns in the direction of the warp threads, in the direc- 
tion of the fill threads, or at 45° to both as shown in the illustrations. It 
has recently been found, however, that the charred area can be most con- 
sistently measured by tearing the charred portion similarly to the prac- 
tice in the Vertical-Bunsen test. This is accomplished by cutting a small 
cross in the char directly above the burner and carefully tearing the char, 
once in the direction of the filling and once parallel to the warp threads, 
pulling against a standard weight hooked into the fabric. The torn charred 
area is then defined by connecting the four extremities of the tears using 
a soft red pencil and following the general shape of the total darkened 
area. When the torn charred area is to be measured, the specimen should 
be aligned in the cabinet so that the flame burns in the direction of either 
the warp or the filling. 

The Columbia Test Cabinet incorporates several advantageous features 
which afford a simpler and more reproducible test procedure and also tend 
to give a greater degree of precision in flame test measurements. The addi- 
tion of pilot lights avoids the use of matches or other methods of ignition 
and leads to more accurate timing of the ignition period. In addition, the 
sample and burner are in constant alignment which contributes greatly to 
the reproducibility of data. The closed cabinet is practically draftlcss and 
yet possesses good visibility and adequate ventilation to insure a good 
supply of air. The reservoir and manometer system on the gas-inlet liiui 
to the microburner could undoubtedly be improved upon but some similar 
measure should be taken to insure a fairly constant gas supjily to (,lui 
burner. The entire apparatus is compact and in one piece ])ermitiing it to 
be moved from one place to another without requiring extensive rc^ad- 
justment. 

The microburner flame has many advantages over the luminous Bun.sem 
flame. Being non-luminous, the flame of the microburncr burns much more 
steadily and vigorously and is not affected by slight drafts. The Bunsen 
flame, in contrast, wavers with any air current and may be blown com- 
pletely away from the test specimen by a moderate draft. The tempera- 
ture of the microburner flame at the point of contact wilh the fabric, is 
quite constant remaining at 823 ± 11° C. over a period of weeks. This will 
be dependent of course upon the uniformity of the particular gas supply 
used. The temperatures of the two flames are actually very similar at the 
point 0.75 inch above the top of the burner as illustrated in Figure 4. 

It has been pointed out previously that the flame tests in which the 
specimen is aliped in a vertical position are the most severe with respect 
to afterglow. Similarly, placing the test specimen in a horizontal imsition 
tends to intensify the afterflaming tendency of the fabric. As might be 
epected, fabrics tested by means of a 45° test exhibit afterflaming tenden- 
cies midway between the vertical and horizontal tests and afterglow tend- 
encies more severe than the horizontal test but not as extreme as when 
suspended vertically. Consequently, in choosing a flame test for universal 
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applicability, wherein the characteristics of afterflaming and afterglow 
are weighted equally in importance, it would be advisable to use the 45° 
compromise which does not exaggerate either the flaming or glowing 
tendencies. If, for a particular application, the resistance to afterflaming 
is the characteristic of major importance, the 45° test should be supple- 
mented by measurements using the horizontal test. If the afterglow is of 
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Figure 4. Comparative temperatures of Microburner 
and Bunsen burner flames as employed in standard 
flame tests. 


major importance and the afterflaming a secondary requirement, the 
45° test should be supplemented by parallel determinations with the ver- 
tical test. Regardless of the requirements to be met, considerable experi- 
mental data have clearly shown that the 45° test produces much better 
reproducibility and allows a wider differentiation between the relative 
efficiencies of comparable flameproofing treatments. 


3. Fabric Strengti-i 
Robert W. Little 

Of primary importance in the evaluation of a flameproofing treatment 
or flameproof ed fabric is the measurement of the effect which the treat- 
ment has upon the strength characteristics of the cloth. A retardant treat- 
ment, regardless of its efficiency in the prevention of afterflaming and 
afterglow, would be quite unsatisfactory for any practical application if, 
in the course of the treatment or use of the treated fabric, the strength was 
seriously impaired so as to render the fabric unserviceable. For this reason, 
the tensile and tear strengths of the fabric are generally determined before 
and after the application of the flameproofing treatment and also after 
exposure of the treated material \o surveillance and permanence tests. 

The selection of a test apparatus and procedure to be employed is rela- 



Courtesy of Scott Testers, Inc., 
Providence, P. L 


Coiirlcsy of Alfred Sulcr, New York, N. Y. 


Figure 5. Pendulum type icn.silo tc^sLing niaehiues. 

(left) Scott Model J showing fabric clamps and autographic recorder. 

{right) Suter tester equipped with skein rollers. Tlu'se may be rei)!iiced by fabric 
clamps and an autographic recorder can be attacliod. 

for the details which may be omitted from the following discusHions.'*''''’^® 
Of the two general types of textile testing machines for the determina- 
tion of the breaking strength and elongation of textiles/^ i.e., the pendulum 

^®A.S.T.M. Standards on Textile Materials (1944). 

Textiles, General Specifications, Test Methods — Fed. St’d. Stock Catalog, Scot. 
IV, Part 5— CCC-T-191a (April, 1937). 

Standard Specifications for Textile Testing Machines — A.S.T.M. Designation 
D7fi^2. ® 


I 
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type and the constant specimen-rate-of-load type^ the former is perhaps 
more widely used and will be considered in this discussion. Typical exam- 
ples of the industrial machines available are the Scott and Suter Testers 
shown in Figure 5. Several different models of this type of instrument are 
available, varying in capacity and design, in many cases having been 
developed for a specific fiber or fabric. 

The strength characteristics of a fabric which are of major interest are 
the breaking strength, the elongation and the tear strength. 

a. Breaking Strength 

Grab Method. The distance between the clamps at the start of the 
test is exactly 3 inches. The face of one jaw is 1 by 1 inch square and that 
of the other jaw 1 by 2 inches or more, with the longer dimension perpen- 
dicular to the direction of application of the load. 

The test specimens are cut 4 inches in width and not less than 6 inches 
in length. Quintuplicate specimens are used for determining warp break- 
ing strength which have the longer dimension parallel to the warp yarns. 
An equal number are cut with the longer dimension parallel to the filling 
threads for determining the filling strength. 

The specimens are placed symmetrically in the clamps with the longer 
dimension parallel to the direction of application of the load, care being 
taken to sec that the same yarns are gripped in both clamps. The average 
of the five individual specimens shall be reported as the warp or filling 
breaking strength. Individual results which fall appreciably below the 
average arc discarded as are the results of tests in which a jaw break or 
slippage is aj) parent. 

Raveled-Strip Method. With the following exceptions, this test is 
carried out in the same manner as described for the grab test: 

The faces of the jaws, in this case, measure 1 by 1.5 inches or more, 
the longer dimension being perpendicular to the direction of application 
of the load. Test specimens are cut 1.25 or 1.5 inches in width, depending 
upon the number of threads joer inch, and raveled to a width of exactly 1 
inch by removing approximately the same number of threads from each 
side. 

Cut-Strip Method. This test is performed just as described for the 
Raveled-Strip test with the exception that the specimens are cut to a 
width of 1 inch rather than cutting wider and raveling to that width. The 
test is applicable to those coated or impregnated fabrics which would be 
difficult or impossible to ravel. 

b. Elongation 

Using testing machines as described above, which include an au- 
tographic recording device, the elongation of the fabric can be determined 
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at the same time that the breaking strength measurement is made. The 
elongation at any stated load can be obtained from the graph and the 
average of the five specimens expressed as elongation in terms of per- 
centage increase in length. 


c. Tearing Strength 

Tongue Method. Using the same machine as described for the method 
for breaking strength, the pawls of the pendulum are disengaged from the 
ratchet. 

Quintuplicate specimens, 3 inches in width and at least 8 inches in 
length, are cut in both the warp and filling directions. A 3-inch longi- 
tudinal cut is made from the center of one of the short edges and running 
lengthwise of the specimen. One of the tongues is placed in each clainj) of 
the tester and, by means of the autographic recording device, a niciisurc- 
ment made of the average load necessary to tear the fabric. The warj) 
and filling tearing strengths are reported in the form of the average of the 
five individual tests. 

Trapezoid Method. The machine is again the same as that used for 
the grab breaking strength measurement with the exceptions that llic 
faces of the clamps are 1 by 3 inches or more, with the long dimensiou 
perpendicular to the direction of the load, and the distance betweem the 
clamps at the start of the test is 1 inch. Again, the pawls of the ponduluin 
are disengaged from the ratchet. 

Quintuplicate specimens, 3 inches in width and 6 inclics in Icngih, are 
cut in the directions of both warp and filling threads. An isoscelc's Irnpe- 
zoid is marked on each specimen having an altitude of 3 inelu's niul Imses 
1 and 4 inches in length. A 0.25-inch cut is made in the center of (lie 1-ineh 
edge and perpendicular to it. The specimen is clamiicd in the inaeliiiui 
along the non-parallel sides of the trapezoid with tlic cut halfway be! ween 
the clamps, the short edge taut and the long edge lying in folds. 'PIk! 
average load necessary to tear the fabric is obtained by ineutis of (Im 
autographic recording device. The warp tearing strength and filling I (air- 
ing strength are calculated as the average of the five individual tests in 
each case. 

The various types of flameproofing treatments exert quite different 
effects upon the strength characteristics of the fabric. In some cases llic 
breakiiig strength is seriously impaired with only a relatively slight de- 
crease in tear strength. Those treatments which tend to produce a film 
or coating on the fabric, on the other hand, do not reduce the breaking 
strength but generally cause a marked decrease in tearing strength. Which 
of the fabric strength measurements assumes the greatest importance de- 
pends to an appreciable extent upon the future use for which the treated 
fabric IS mtended. 
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4. Leaching Tests 

Rogers B. Finch, Allan J. McQmde, 
and Robert W. Little 

a. Laboratory Tests 

In the development work on flameproofing treatments of a more or less 
durable nature, it is often desirable to employ a rapid and simple labora- 
tory test to obtain an initial estimate of the permanence of the treatment. 
In the event that the flameproofing constituents withstand these mild 
leaching conditions they may then be considered of a durable type and 
evaluated further by means of the more severe laundering and sea water 
tests which follow. 

Static Water Leach. A 7 by 7 inch specimen of the treated fabric is 
conditioned for 24 hours at 70® P. and 65% R.H. and weighed. It is then 
sewn to a 6 by 6 inch rectangular stirrer frame made of glass rod and 
immersed in approximately 4 liters of distilled water in a 4-liter beaker. 
The stirrer is rotated for 1 hour at room temperature at a rate of approxi- 
mately 40 R.P.M. After removal from the beaker and frame, the specimen 
is air-dried, reconditioned in the standard atmosphere and re-weighed 
to determine any loss of retardant. The specimen is finally tested by means 
of the 45®-Microburner flame test. 

This mild leaching is concerned with removal by a dissolving action 
only since the use of distilled water avoids any possible exchange and the 
slow stirring exerts almost no mechanical flexing on the fabric. 

Running Water Leach. Two methods used in evaluating fire- 
resistant treated fabrics are described in this section. The first method was 
develo]ied for use under N.R.C. Project Q.M.C. #27 at Columbia Univer- 
sity. A 7 by 7 inch specimen of the fabric is conditioned and weighed. It is 
then immersed in a round-bottomed trough of approximately 1-gallon 
capacity into which tap water is introduced at such a rate as to produce 
marked turbulence. The water is introduced at the bottom of the tank 
and exits at the top, producing a tumbling action. The specimen is tum- 
bled in this running water for a period of 24 hours, air-dried and recon- 
ditioned. The fabric is then weighed to determine the loss of flameproofing 
agent and its flameproofness checked with the 45®-Microburner Test. 

The exposure of some treatments to such large quantities of tap water 
will produce some loss of flameproofness due to ion-exchange. This will 
vary with the hardness of water used. In addition, the mechanical action 
occurring in the tumbling of the specimen may cause some impairment of 
retardancy though this should not be appreciable. 

The second method is used at the Jeffersonville Quartermaster Depot 
for the leaching of fire-resistant duck for tentage. There, in order to 
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accommodate the large number of samples received daily for both inspec- 
tion and development purposes^ a tank 42 inches in length, 19 inches 
wide, and 21 inches deep is employed. This tank is divided lengthwise 
into three parts to produce along each side a compartment 2 inches wide 
parallel to the length. The center portion^ 15 by 42 inclics, is further par- 
titioned across its length into 40 cells approximately 1 inch in width, thus 
providing a separate compartment for each sample to be tested and avoid- 
ing the possibility of contamination. Water is piped to the center of the 
tank and enters one of the narrow sections parallel to the length of the 
tank. By means of slots the flow of water is then directed to the top of 
each sample compartment. At the bottom of each compartment and on 
the opposite side from the inlet the water is directed into the third section 
which runs parallel to the length of the tank. A waste pipe is placed in the 
center of this section at a level slightly below that of the inlet to draw 
off the flow of water. The inflow water pipe is jacketed to allow it to be 
heated by steam, the introduction of which is thermostatically controlled 
to insure water of 70*^ F. temperature. 

Thus this leaching tank provides a means for a constant flow of water 
of even temperature to be directed down and across each sample which 
hangs vertically in an individual compartment free from contamination 
of materials removed from other samples. 

In the conduct of the test two fabric samples each 12.5 by 10 inches 
in size are selected, one with the longer dimension parallel to ilie warp and 
the other parallel to the filling. Each is suspended below the water level in 
separate compartments, and the water flow is regulated to f)rovi(le at least 
six complete changes of water during each 24-hour I'icriod. Upon eonij)l('- 
tion of the desired leaching period, generally for 72- or IGS-hour periods, 
the fabric samples are removed and air-dried before exposure (o staiuhinl 
conditions. Each sample is then cut into five 2.6 by 10 inch specinn'ns lo 
allow fire-resistance determinations to be made using the Verti(‘al-rhins('n 
test. 

On the whole, fair results were experienced with this method and those 
fabrics which had water-soluble fire retardants were qiiiekly diseoven'd. 
In addition, when fabrics leached for 168 hours in this tank were exam- 
ined for mildew resistance the results gave a good indication of tlie mil- 
dew resistance of the same fabric after 4 to 6 months^ oiitdoor exposure 
in Jeffersonville. 

Spray Leaching. Leaching of fire-resistant tentage fabrics at Jef- 
fersonville was also carried out in a Model X-1 A Accelerated Wcailiering 
Unit manufactured by the National Carbon Company.'^ In this machine 
a circular rack 37.5 inches in diameter revolves within an enclosed drum 
at such a speed as to provide one complete revolution for each two-hour 

^^For details of the equipment and operating procedure, see paragraphs 5b and 
5b(2), Section IV, U. S. Army Spec. No. 100-48 (May 11, 1945) ; also see Section 9 
of this chapter. 
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period of machine operation. Located within the revolving rack a spray 
nozzle is provided to impinge water in a conical spray upon samples car- 
ried by the revolving rack. In the center of the machine is a carbon arc 
enclosed with Corex D filter panels. To provide artificial light. Sunshine 
type carbons are employed and maintained at constant amperage across 
the arc. Thus, during each revolution the samples are exposed to the spray 
for approximately a ten-minute period, and the remaining time to light. 
The period of exposure to such conditions is generally 200 hours, and for 
some comparative tests it has been extended to 400 and 600 hours. 

In the conduct of the test two fabric samples each 12.5 by 11 inches in 
size are selected, one with the 11-inch dimension parallel to the warp and 
the other sample with its 11-inch length parallel to the filling. The sam- 
ples are positioned upon the revolving rack with the 11-inch dimension in 
a vertical plane and are attached solely to its top portion. Upon comple- 
tion of the desired exposure period, the fabric samples are removed and 
air-dried for a 24-hour period before exposure to standard conditions. 
The unexposed portion of the sample, 1 by 12.5 inches in size, is removed 
and the remaining fabric divided into five specimens each 2.5 by 10 inches. 
These are used for fire-resistance tests employing the Vertical-Bunsen 
method. It was also the practice to apply the flame to that 2.5-inch edge 
which had been in the lowest position during the test. 

This test method provides a much better indication of the fire-resistance 
retention of tentage duck than did the tank method previously outlined, 
and in addition a fair estimation of the color change to result in field tests 
is obtained. However, in both these respects it is not as severe as that 
which occurred in field tests. As would be expected where a large quantity 
of tap water of considerable hardness is employed, one type of finish was 
markedly impaired due to ion-exchange reactions. Such a condition has 
not been fully confirmed upon actual outdoor leaching. 

b. Field Tests 

Outdoor exposure of tentage fabrics is performed on the grounds of the 
Jeffersonville Quartermaster Depot with the sample mounted at a 45° 
angle, facing south.^® A specimen 42 by 30 inches with its longer dimen- 
sion parallel to the warp is mounted on fiber board using large copper 
tacks spaced 6 inches apart. In some cases the fabric is supported on all 
four sides, providing no backing agent. In this manner one side is exposed 
to the weather for periods up to one year. 

In nearly all instances the fabric samples were mounted on the fiber 
board since this produced a more severe condition and the tensile strength 
losses sustained were more in keeping with those experienced in other 
localities. In addition, it represented a use comparable to that which 
occurred in the life of paulins. 

Paragraph 3, Section XIII, Federal Spec. CCC-T-191a (April 23, 1937). 


METHODS FOR EVALUATION 


126 

Due to the fact that Jeffersonville is located in an atmosphere in which 
industrial gases prevail, especially during the winter months, it was neces- 
sary that only those exposures which were initiated about April 1 and 
continuing for a six months’ period be considered as somewhat indicative 
of the effectiveness of the treatment. Lastly, to allow comparison between 
various types of treatments it became necessary to standardize on two 
types of base grey fabric, which were 12.29-ounce Army duck and 11.6- 
ounce tent twill. 

The significance of these tests in comparison with laboratory evalua- 
tions is discussed in Chapter VII, Section A-2-b. 

6. Laundering Tests 
Robert W. Little 

Since the durable types of flameproofing treatments are intended for an 
initial treatment without the necessity of reprocessing, they must be 
capable of withstanding normal laundering conditions, A test procedure 
is required, therefore, to evaluate in the laboratory the resistance of flame- 
proofed fabrics to laundering. The retention of flame and glow resistance 
on laundering will be greatly dependent upon the washing procedure em- 
ployed and the nature of the detergent solution. For this reason it is neces- 
sary to adhere to a more or less empirical test method in order to achieve 
any degree of reproducibility. 

Several standard laundering tests have been developed for determining 
the color fastness of dyed fabrics. The official methods of the United States 
Government, the American Association of Textile Chemists and Color- 
ists,^^ and the American Society for Testing Materials are very similar 
in nature and with minor modifications are applicable for use in testing 
the permanence of flameproofed fabrics. In the case of the color fastness 
tests, several separate procedures are given using different constituents in 
the wash solution and varying bath temperatures and the length of the 
washing period. In adapting the techniques for use with flame-retardant 
fabrics a single washing procedure was employed, the severity of the 
laundering being varied only with respect to the detergent mixture em- 
ployed. 

A second type of laundering test which could be used for the evaluation 
of flameproofed fabrics is that now commonly employed in deteriTiining 
shrinkage in laundering.^*’'^® This method employs a large specimen, 20 

^Paragraph XIII-4, Textiles, General Specifications, Test Melhods— P( hI. St’d. 
Stock Catalog, Sect. IV, Part 5— CCC-T-191a (April, 1937). 

21 A.A.T.C.C. Official Method C-W2 (No. 3)— Standard A.A.T.C.C. Test MothodH, 
1943 Yearbook. 

2®A.S.T.M. Designation; D4S6-42 (No. 3); A.S.T.M. Standards on Textile 
Materials (1944). 

“ AS.T.M. Designation D437-36; A.S.T.M. Standards on Textile Materials (1944). 
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3 or the washing is carried out in a small reversing 

of -fcbe cylindrical type. A test of this sort might more nearly 
3 the conditions existing in commercial laundry practices, 
tory comparisons of the relative permanence of flameproofing 
hovvever, where it is often desirable to test several different 
sim-Lxltaneouslyj the first mentioned tests appear to be better 
The individual specimen jars permit the washing of many dif- 
itecl specimens without any chance of contaminating one fab- 
products leached from another. 


rator 3 ^ rotator employed aw a launderometor m the early experiment^' 
of N.R.C. Project Q.M.C. #27. 

Bring tests carried out in the course of the flameproofing 
lumTbia University were performed in two types of launder- 
•t. One washing procedure was developed making use of a 
tatox* which would accommodate jars of one-quart capacity, 
cries of tests were carried out in the A.A.T.C.C. standard 
r. Tile apparatus and procedure of both tests are presented 
ng pages in order to be of assistance to those who may not 
Laxinder-Ometer available but do have a laboratory rotator 
adapted to accommodate one-quart jars, 
r Launderometer. The complete apparatus employed is 
lire 6. The rotator consists of a cast iron frame capable of 
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holding six 1-quart Mason jars. The jars are clamped, three on each side 
of the frame, such that the jars on opposite sides are also at the opposite 
ends of the rotating holder. The horizontal shaft of the machine is 0.5 
inch above the plane of the jar cap and is displaced 2 inches from the ver- 
tical axis of the jar. Thus the jars in revolving effectively rotate about an 
axis approximately 2 inches above the center of their covers. The Mason 
jars are encased in asbestos jackets and clamped in the rotator which 
turns at the rate of 15 R.P.M. 

The procedure used is very similar to that described in Federal Specifi- 
cations.^® A single specimen is placed in a 1-quart Mason-type jar along 



Courtesy of Atlas Electric Devices Co,, Chiciujo, ill. 


Figure 7. Allas Laiinder-Omcter, Moded LHD-EF. 

with twenty 0.75-inch glass marbles. 400 cc. of the soap solution, which 
has been heated to 160° F., is added to the preheated jar, the jar scaled 
and rotated for 30 minutes. The soap solution is then poured off, replaced 
by 400 cc. of water at 160° F., and the jar rotated for 10 minutes. The 
specimen is rinsed once more by rotating for 10 minutes in a fresh 400-cc. 
portion of water at 160° F., and finally by rinses of 3 minutes each in an 
0.05% acetic acid solution at room temperature, and in cold water. The 
rinsed specimen is hung to dry under room conditions. 

Atlas Launder-Ometer. The fully automatic, electrically operated 
machine, including the preheated loading table, is shown in Figure 7. 
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A detailed description of the apparatus and the process of its development 
can be obtained from the literature.^'^ The use of a specially designed in- 
strument of this type has many advantages particularly when a great 
number of tests are being made. The automatic temperature regulation of 
the bath and preheating table plus the compactness and ready availability 
of the items required reduces greatly the tedium of routine tests. The ma- 
chine consists essentially of a large copper tank containing a rotor capable 
of holding twenty standard pint jars. The rotor is driven at a standard 
speed of 42 R.P.M. The jarSj covers, rubbers and test balls are all pre- 
heated to the operating temperature in the tray shown by means of cir- 
culating the water from the laundering chamber. 

The laundering procedure in this case is very similar to that of test 
No. 3 of A.S.T.M.^^ and A.A.T.C.C.^^ A single test specimen is placed in a 
1-pint Mason-type jar along with ten 0.25-inch steel balls. A 100-cc. por- 
tion of soap solution, previously heated to 160° F., is added and the jar 
rotated for 45 minutes at that temperature. The soap solution is then 
poured off and the specimen subjected to two consecutive 1-minute rinses 
in 100 cc. of water at 105° F. The fabric is then soured by agitating for 
2 minutes in 100 cc. of 0.05% acetic acid solution at room temperature 
followed by a 2-minute rinse in 100 cc. of cold water. The rinsed specimen 
is hung to dry under room conditions. 

The A.A.T.C.C. launderoraeter can be obtained with a special rotor to 
accommodate 1 -quart jars. This is desirable in view of the size of specimen 
required for the 45° -Microburner flame test. In that case the volumes of 
solutions used would be increased to those given for the laboratory laun- 
derometer method. 

In the laundering tests carried out under the N.R.G.-Q.M.C. Flame- 
proofing Project, three different soap solutions were employed: 

Solution 1 — 0.5% Igepon-T. 

Solution 2 — 0.5% ordinary issue G.I. soap. 

Solution 3 — 0.5% G.I. soap + 0.2% Na 2 C 03 . 

These were intended to represent the varying degrees of severity which 
might be encountered in the course of military or commercial launderings. 
Since the launderings are intended primarily for use in comparative 
studies it is not necessary to duplicate exactly all of the conditions which 
may be encountered in actual visage. 

Although the two techniques described above are quite different in 
several respects, extensive laboratory comparisons have shown that they 
are nearly equal in their effect upon the flameproof characteristics of the 
fabrics tested. This is illustrated by the data of Table 1, comparing the 
flameproofness of three different fabrics after laundering according to both 

Am. Dyestuff Rep., p. 697 (Oct. 29, 1928). 



130 METHODS FOR EVALUATION 

procedures. The figures in the table represent the average of from 9 to 
separate specimens. 


Table 1. Comparison of Laundering Techniques: Flameproofed Fabrics Laundered 
0.6% G.I. Soap Using a Labomlory Lnunderomoter and the Allas Laundor-Ome 
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C. Sea Wateu Resistance 
Robert W. Little 

The resistance of durable flameproofing treatments to the Icachi 
action of sea water is a property winch probably is most directly ass 
dated with fabrics for Naval and military purposes. The tost was nocc 
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sary in evaluating military clothing fabrics which might well bo exposed 
to more or less prolonged immersion in sea water in the oourso of amphib- 
ious landing operations. It is also probable, moreover, that flameproof ed 
duck used for tarpaulins or deck covers might well bo exposed to a similar 
leaching action on exposure to sea air and spray, Tlic tost is more imivor- 
sal, however, since it is concerned with the resistance of flameproofing 
compositions to an exchange reaction with alkali and alkaline-earth ions 
whether brought about by soa water immersion, saturation with perspira- 
tion or leaching or laundering in hard water. The treatments primarily 
concerned with these base exchange reactions are those of the uren- 
phosphatc type, The influence exerted by alkali and alkalinc-onrth ions 
upon the salts of celluloso esters has been previously discussed. The pig- 
ment-type emulsion and suspension treatments are not seriously affected 
by sea water immersion though in some cases the resistance to afterglow 
is somewhat impaired. 

In the course of the experimental work of the Flnraoproofing Project at 
Columbia University, it was necessary to develop an apparatus and pro- 
cedure for carrying out this test. The only available comparable tests, 
those commonly employed in estimating the fastness of dyes to perspira- 
tion and sea water, were entirely unsuitable for the purpose. 

The apparatus consists of a standard laboratory rotator in which 
cylindrical, widc-mouthed jars of 1-pint capacity arc rotated at n r])ccc1 
of approximately 12 R.P.M. about an axis parallel to the diameter of the 
jars. 

The synthetic “ocean watcr^^ is prepared in the form of two stock solu- 
tions and diluted for use as required. The compositions of the slock solu- 
tions, according to the formulae of Lyman and Fleming/"’ arc? as follows; 


Stock Solution 

/// 

Slock Soluli07i jf'J 

Material 

Grams 

MalerUil 

G tarns 

NaCl 

1878. 

MgCl. • fi II 2 O 

851.0 

Na2S04 

313,1 

CiiC'l, 

88.2 

KCl 

53 1 

SiClj • 0 TIjO 

32 

NairCOa 

15.4 

lIjO 

800. 

KBy 

7.7 



TTaliOa 

2,1 



NaTJ' 

0.24 



NfiaSiOa (40%) 

34 



ILO 

7000. 




A volume of 195 cc, of solution #1 is diluted with water to a total 
volume of 1 liter. Similarly, 36 cc. of solution #2 is diluted up to t liter 
with water. The two liters are then mixed and the resulting solution used 
in the tests. 

Oceans/' Sverdrup, Johnson, and Fleming,* Prentice Hall, Inc. ( 1043 ), 
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Six identical specimens of fabric, 7 by 7 inches square, are cut for 
test. A specimen is placed in each of the jars along with 260 oc. of 
water" and rotated for the required time at 70“ F. The specimen is 
removed from the jar, blotted between cotton toweling (o remove ej 
solution, and air-dried. After conditioning the specimens for at leas 
hours at 70“ F. and 66% they arc tested for flameproofness by m 
of the 45“-Microburncr flame test. 

One specimen of the group, in each case, is subjected to rotation ir 
seawater for a period of 16, 30, 60, 90 and 120 minutes. The sixth speci 
is tested as a control. The results are expressed in terms of “Rcsistam 
Sea Water,” which may be defined as the time in minutes which a flf 
proofed fabric may be rotated in the "ocean water” solution without 
nificantly affecting the flameproof qualities of that fabric, In the caf 
military clothing fabrics it was required llmt the resistance to sea w 
be at least 120 minutes. 


7. Perspibation Resistance 
Robert W. Little 

The measurement of the resistance of flameproofed fabric.? to the ae 
of perspiration is a test intended specifically for use with clothing fal) 
The property evaluated is similar to that dcLormincd by moans of tlic 
Water Resistance Test previously described but the latter is considcri 
more severe in its leaching action. 

The most satisfactory method of determining the deleterious actio 
perspiration upon flameproofed clothing fabrics would nutiirnlly I 
scries of heat load experiments in whicli the treated garments arc nctu 
exposed to the sweat of human subjects under controlled wearing < 
ditions. Experiments of this type have been eonducled and the nictl 
used will be discussed in a later section. In the majority of cases, liowe 
it is cither impractical or impossible to carry out cxtcnsivi' program 
this type. It is therefore desirable to dovoloi) a .simple accelerated lain 
tory test which approximates as closely as possible the conditions cni'c 
tered by the fabric in the course of tlie heat loud experiments, 

The only available tests for clotcrmining the resistance of loxlilcf 
perspiration were those employed in measuring the fastness of dyes ' 
conditions of llioso tests were thought to be Loo mild for the purimsi 
mind. The tost procedure which follows was developed by the staff of 
Flameproofing Project at Columbia University in an attempt to prm 
a simple laboratory test which would simulate the life of a garment fal 
under severe wearing conditions. 

The test apparatus presented diagraramatically in Figure 8 consistf 
a closed cabinet with a glass front which is maintained at a tempera! 
approximating that of the "body (30° C.). The fabric specimens are s 
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pended on a wire frame which may be slowly rotated. The synthetic per- 
spiration solution is introduced into the cabinet in the form of a very fine 
spray by means of an air-powered spray gun. 



A - Air 

P- Pcnspirc/tfOn Sofation 
H” Hearer- 
D - Ora/n Bactref 
5-S^c/mcn Ho/efer 
/?" ih erm o *reQu/afcJ^ 
t- Thermometer 
B-Baff/c 


TliG synllictic '*]K‘rspiraiion’^ is i)rci)arcd according to the following 
fonnulation:**^ 


Acid Persjmaixon Solution 


Mata ml 

Grams 

Sodium rlilondr 

10 

LfU’tic acid, US.P (8r)<’;) 

1 

Disodiuin orthophospliuto 

1 

Water 

088 


Duplicate or qimdruidicatc 7 by 7 inch Fpecimens arc placed in the 
cabinet for an 8-hour period, being s|)raycd nUc'nnittcndy at 1-hour inter- 
vals wi(h 30 cc. of the perspiration solution The .s]}ecimens arc finally 
conditioned for 24 hours in the standard atmosphere and tested for flame- 
proofness using the 45*^ -Microburner flame test 

In the (csting of water-soluble flamejiroofing agents, the spray should 
be adjusted such that the specimens do not become oversatiirated and 
cause dripping of solution from the fabric Actually, extensive practical 
wear tests have shown that water-soluble retardants can be effectively 
leached from the fabric by profuse perspiration. 

Federal Standard Stock Catalog— Section IV, Part 6, p. 15. CCC-T-lOla. (Apr 
23, 1037,) 
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8. Moistukb Vapou Peiimeability 
Hobert TF. Little 

One of the requirements for flamcproofecl fabrics intended for use 
articles of clothing is that the fabric shall allow a free jjassago of wa 
vapor in order that an excessive heat load is not imposed upon the wea 
of the garment. The most reliable method of determining this fabric pn 
erty would be to carry out heat load studios and observe the pcrfonnai 
of the fabric when in actual use on human subjects. This type of expo 
ment has been carried out on flameproofed fabrics and is described 
Section 10 of this chapter. Since such extensive experiments are genera 
impractical it is desirable to have a simple laboratory lost which v 
serve to evaluate the resistance of the fabric to the passage of inoisli 
vapor. 

A great many different methods have been developed for tcsl-ing i 
vapor permeability of fabrics, paper, leather and various slicots and fdi 
The reader is referred to the literature for a detailed picture of the ju'o 
dures and apparatus employed. A bibliograpliicnl sumini 

of the available methods has recently been presented by the slaff 
The Institute of Paper Chemistry.”' In general the tests consist ol 
method of jneasiiring the rate at which water vapor passes tlirougl 
sheet from a region of high humidity to one of lower moisture vajior cc 
tent. The method of Lyman Foiirt and Milton Harris of tlio ToxtiU' b'ci 
dation®' relates this passage of water vapor to the intrinsic resist anci* 
the fabric. The intrinsic resistance, expressed in terms of ociuivalcut, n 
timeters of still air, is determined for a fabric before and afler llio i 
plication of a flame-rctardant material, thus detennining wliolhcr or i 
the flameproofing treatment has impaired the passage of water vaj 
through the cloth. 

The majority of the vapor permeability techniques measure (be to 
resistance sot up by a fabric system. This includes the ai)})rccinl)lc 
sistances of the air layers on each side of the fabric wliicli arc veuy ( 

"Ilydcn. W. L, /«W. Eri{;. Chem , 21, No. fi, -lOB (1020). 

“John, R., Tech, ylssoc. Papers, 20, fiO (1037), 

Holwoch, W., Papir J., 20, 233 (1032), 

“ Hobbs, R, B,, J Am. Leather Ckcm. As.wc, 36, 310 (If)<l|) 

Hcrfeld, H., Collegium, 65 (1941). 

Sears, G, R , Selilagcnhnuf, II. A., Given, J. C., mid Yrl I, I<\ R,, Paner Trail/ 
118, No, 3, 39 (1944). 

“Noll, A, Papier-Pabr. Wochbl. Papier fabr., No. 6, 101 (1044), 

“‘Modern. Packaging, 16, 78 (11M2). 

““Paper Trade J., 121, No. 10. 33 (Oct. 18, 1046), 

“Report No. 243, CommitloD on Aviation Medicine, N.R.C. Div, of Med 
(Jan, 7, 1944). 
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pendent upon the conditions of lest. By comparing the total resistances 
of two systems, one of which contains one more layer of fabric than the 
other, the intrinsic resistance, or the resistance attributable to the fabric 
alone, may be obtained. This technique of Fourt and Harris was felt to 
be more ajiplicable to fabrics and is presented here ns one of the better 
methods available. 

The apparatus required consists of the parts illustrated in Figure 9 
along with a suitable conditioning box or conditioning room in which the 




/’AfiTS Pon As9£fPOLY Figui'C ». Moisture vopor pei monbil- 

ity apparatus. 

/ Steei disc 

Z FobHc dfsc 
3 r/ng 

d- jig 

5 Cryshifiizing dish 

6 Orienfe 


S 


S Asscmoly ^mapy Tbst 

a.ssemblics may be exposed to an atmosphere of high and constant Inimid- 
ity. As employed m the experimental program of the Columbia University 
Flamoproofing project, the assemblies were placed on a wire screen sus- 
pended in the conditioning room. Since the fabric specimens arc con- 
ditioned in this standard atmosphere of 70° F. and 65% R.H. prior to 
test, this avoids any pickup of moisture on the part of the fabric in the 
early stages of the test. 

Nine circles of fabric, 3.1 inches in diameter, are cut using one of the 
aluminum rings as a pattern. These provide specimens for a vapor per- 
meability measurement on 1, 3 and 6 layers of the fabric. The speoiraens 
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should be taken from various parts of Uic cloth sample to minimize err 
due to non- homogeneous treatment. 

The steel sealing disc and a cup of sealing wax arc kept on a hot pi 
throughout the preparation of the assemblies. A satisfactory scaling v 
may be made of a 6Ch-50 mixture of paralRn and beeswax. An alumin 
ring is placed on the jig and the outer half of the upper surface pain 
with sealing wax. A corresponding circle of wax is painted around i 
edge of one surface of a fabric specimen, the cloth disc placed on i 
ring with the two waxed surfaces together 'and the two scaled together 
placing the hot sealing disc on top of the fabric. For the 1-lay or assc 
bly, this procedure is repeated scaling a second aluminum ring on I 
other side of the fabric. In the case of the 3- and 5-layer assemblies, 1 
adjacent cloth discs arc sealed together as described above, placing a ri 
of scaling wax on both discs, pressing them carefully together and seali 
with the hot steel disc. In each case the last cloth layer is topped with 
aluminum ring. Finally, the edges of the completed assemblies arc iminl 
with wax to assure an airtight seal, and the three assemblies condition 
for 24 hours at 70“ F. and 65% H-H, Twenty grams of Dricritc arc ])la( 
in each of three tanning dishes, a fabric assembly placed on each dish a 
sealed in place with sealing wax. The final assemblies arc jdaced fab 
side down on a largc-mcsh wire platform which is in the conditioning roo 
A uniform current of the moist air passes steadily over the surface of t 
exposed fabric. The entire assemblies arc weighed on an analytical b; 
ance at 30-minute intervals over a period of 2.5 hours. Just after ca 
weighing the desiccant is mixed by gently shaking the dish. 

Resistance being the reciprocal of permeability, a convenient imit 1 
expressing the resistance of a fabric has been selected as the Icngdi of 
equivalent column of still air through which water vapor would diffii 
at the same rate under the same conditions of tcmperalurc, ] pressure ai 
concentration gradient. The total resistance of a system, then, would 
cxpressable in the following form: 

n = ^D(ha)Ai 

where: 

R ~ total resistance of tlio system, (ho reals tan oo tn Uio diffusion of water vapor < 
pressed in equivalent ccnlimctei\s of ideal still aii . 

Q = moss of water iransfoned by diffusion, in grains. 

D — difTusion constant in cinVscc. 

— difTcrcnco in concentration of water vapor in gms/ein^ 

A s= area of fabric through which moisture travels in cm®. 
t = time interval, in seconds. 

In order to clarify the calculation of test results, a sample calculatic 
is given in the following section for a measurement of 8,5 oz. herringboi 
twill in a room at 70“ F. (21,r C,) and 66% R.H, 
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According to International Critical Tables, the diffusion coefBcienfc, i), 
varies with the absolute temperature, T, and the barometrio pressure, P 
(mm. Hg) as expressed in the equation: 

/ T’ \i7B 760 

Z) = 0.22o(4) 

As an approximation between 0 and 50*" C*, this may be replaced by: 

D = 0.22 + 0.00147(m° G.) 

Since the temperature in this case was 70® F. or 21.1® C.: 

D = 0.22 -h 0.00147(21.1) = 0.251 cmVscc. 

The concentration difference, AC, in grams/cm®, can be obtained from 
the relative humidities and the absolute temperatures and Tg, 
and the corresponding saturation vapor pressures and pg side 

of the fabric as: 


‘ An _ V, 273 (pdh pa/72^ 

^ GM.V, ^ 700 I r, ^ T2 J 

Since, however, the temperature and pressure both inside and outside 
are the same and the concentration of water vapor on the inside is essen- 
tially zero: 


r, = 7^, = 273 I -f 21.1 294 2 ^ K 

P\ — Pi = saturation vapor pressure at 21 1®C = IS 70 nun. 

//i — — difference in relative humidity from one side of ihe fabric lo the other 

- 0.65 - 0 = 0 65 


MWuiO = 18 

0 M V — 22,400 cc under standard conditions and: 


:= 1 198 X 10"*gm/cm^ 


18 


22,400 


18.76 

700 


X24Sx0 65 


Also, since the exposed fabric disc has a diameter of 2 35 inches and the 
area is to be expressed m cm^: 


A = X 3.1416 = 2S.OO cm» 

finally : 

t - 60 il/, where M = time interval in minutes between successive weighings 
Thus substituting in the original equation: 


~ X 0 251 X 1.198 X 10“® X 28 X 60 


or: 


M 

Q 


R « 6.05 X 10^3 
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Q is obtained by differences in successive weighings and along with 
time elapsed in minutes is then used in the above equation to calcu 
the total resistance R. 

The data for the sample calculation are as follows: 


No. of Lrtyorfl 
of Clotu 

Time 

Wl. of 

Asaombly. gma. 

Q 

Af 

I 

2 : 08 p.M. 

G0.3000 

— 

— 

1 

2 : 40 p.M, 

60.4432 

0,1303 

32 

1 

3 J 10 p.M, 

60.6853 

0.1421 

30 

1 

3 : 40 p.M, 

00.7116 

0.1202 

30 

1 

4 : 12 p.M, 

00.8218 

0.1103 

32 

B 

2 : 27 p.M, 

70.1872 





B 

2 ; 67 P.M. 

70.2843 

0.0071 

30 

B 

3 : 27 p.M. 

— 

— 

— 

B 

3 : 67 p.M. 

70.4077 

0.2131 

00 

3 

4 : 27 p.M. 

70.6978 

O.OOOG 

30 

6 

2 : 19 p.M, 

83.1336 




6 

2 : 47 p.M, 

83.2082 

0,0740 

28 

6 

B : 17 p.M, 

83.2060 

0.0887 

30 

5 

3 : 47 p.M. 

83.3780 

0.0820 

30 

6 

4 : 17 P.M, 

83.400'1 

0.0006 

30 


Avc. 

The intrinsic resistance of one layer of fabric is obtained as folk 
R\ layer = — Ri layer ^ Rt layora — /i* i Invm 


also: 


fl. layer 

By these subtractions we cancel out the effect of the surface layer 
air on both sides of the cloth as well ns the effect of the Dricrite on 
side. 

Using the sample data: 


R,= 

R,= 


1.60 - 1.24 

0.20 

2 

2 ' 

1.76 - 1.60 

0.25 

2 

2 

1.76 - 1.24 

0,61 


= 0.130 oin. 
= 0.126 cm. 
= 0.127 cm. 


Therefore, the intrinsic resistance of 8,6 oz. herringbone twill is 0 
cm. The precision of the measurement is approximately ± 0.06 
although this factor will depend greatly upon the allowed variation in 
relative humidity. 
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9* SURVEILLANGIiJ AND TjSNDBJilNG TeSTS 
Henry A, Rutherford and Robert TF. LiUle 

The application of a finish or a coating to a cotton textile frequently 
raises the question of whether the treatment has an adverse effect on the 
useful life of the material. Thus^ many laboratory methods of ascertaining 
the stability of a fabric toward light, heat, moisture, mildew, etc., have 
been devised. These accelerated methods are desirable because of the im- 
practicality of drawn-out and laborious seiwice testing, but unforlunatGly 
they are often a completely inadequate substitute. 

The conditions used in any of the so-called tendering tests are nocos- 
sarily arbitrary, but are designed to bring into play those factors which 
are expected to contribute to the deterioration of the material during use. 
For example, the stability of a fabric during normal storage conditions 
might be ascertained by its behavior at some elevated temperature. Mate- 
rials wliose normal use constitutes exposure to the elements must be tested 
by a more complicated moans involving the use of beat, light, and mois- 
ture. The reliability of the evaluation procedures is of utmost imjior- 
tanco, and it may be said that the more drastic ilic conditions of necol- 
erated testing, the greater the possibility of arriving at a false evaluation 
of tlic durability of a fabric during normal use. 

The lack of standard test procedures cmjihasizes the difficulties involved 
in this type of work. A survey of the literature, which for the most jiari 
consists of government specifications, reveals a number of surveillance and 
tendering tests. Changes in details of procedure have been inmle from 
time to time, but in every case the general form of subjecting fabrics In 
licat, light and/or moisture scjiarately or together has ))ecn foll()W(‘d 
A clc.scription of accepted (but not neccs.sarily proved) procedures in for(‘c 
in May, 1945, which might possibly apply to fire-resistant fabrics, is 
presented. 

U. S. Army Specification No. 100-48, dated May 11, 1945, pages 35 and 
36, lists the following: 

“4. Accelerated aging tests. — - 

^'4a Oxygen bomb test , — The given specimen of coated fabric shall 
be exposed to an atmosphere of oxygen at a pressure of 300 pounds per 
square inch and a temperature of 158'’ F. (70'’ C.) for a spcoifiocl ])oriod 
of time. After exposure, the coating on the fabric shall show no signs of 
becoming stiff and brittle, nor soft and tacky, nor shall the loss in tensile 

Other references to tendering tests are as follows' Yearhook of the American 
Association of Textile Chemists and Colorists, A,S.T,M, Standards on Textile 
Materials; Federal Specification 000-0-746; Q.M.C. Tentative Specification JQD 
242; and U. S. Army Specification 6-346, These specifications are not necoasarily in 
force, 
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strength, as determined by the grab method, exceed a specified per cc 
of the original tensile strength, 

‘'4b. Aging test, JOO” C., 48 hows. — The treated material shall 
stored in an oven at a temperature of 100'’ C. for 48 hours and the ) 
suiting pH determined in the specified manner. 

“4c. Aging test, 176" F., 5 days.— The sample of the treated mater 
shall be placed loosely inside a quart Mason jar. The open jar contain! 
the specimen shall be exposed to standard atmospheric conditions I 
24 hours. At the end of the 24-hour period the quart jar shall bo elos( 
airtight, and then subjected to a temperature of 175° ± 5® j?. for 6 da 
The breaking strength of the materia! shall then be determined. 

"6. Resistance to aceeiorated weathering. — 

“6a. Test specimen. — ^A sample of specified dimensions, with tlic Ici 
dimension in the direction of the filling shall bo clamped to the ins* 
rotating rack of the accelerated weathering test inncliinc anil exposed 
the conditions described below. 

"Sb. Accelerated weathering test machines. — One of the following tli 
commercial machines as s])ccifled shall bo used. 

“6b (1). Accelerated weathering machine. — Allas Electric Devicios ( 
Model DL-TS. This double carbon arc apparatus shall be operated at 
ambient temperature as specified, and in nceordanoe witii the directic 
furnished by the manufacturer. The liglit and water spray si mil he i 
justed to provide light continuously and water intcrmittenlly in a <■( 
stant cycle of 17 minutes without water and 3 minutes witli water. '1 
water shall be discharged at the rale of 0.5 gallon per minute and 
drum shall rotate at the rate of 1 revolution jier minute. 

“fib (2). Accelerated weathering itnil.— The apparatus shall consist 
a vertical carbon arc mounted at the center of a vortical evlindor. '') 
arc is designed to accoramociate two pairs of cnrl)ons, No. 22, upper c 
bons, and No. 13, lower carbons; however, the arc luirns hot ween o 
one pair of carbons at a time. The arc sliall bo surrounded by j)anol!- 
Corex D glass or other enclosure having cquivalonl absorbing or tra 
mitting properties. The glass shall be cleaned at least once every 2‘1 ho 
of operating time. The arc shall be operated on 60 amperes and 50 vi 
across the arc for alternating current of 50 amperes and 60 volts lu'ross 
arc for direct current. The specimens for test shall bo mounted on a rol 
mg rack inside the cylinder and facing the arc. The diameter of (he rot 
ing rack shall be such that the distance from the center of the are to 
face of the specimen is 18% inches. The rack shall rotate about the 
at a uniform speed of about 1 revolution in 2 hours. S))ray nozzles si 
be mounted in the tank so that the specimens shall he exposed to well 
once during each revolution of the rack, An X-IA National Carbon 
weathering unit burning National Sunshine cored and coppcr-contcci ( 
bons will fulfill the above. 
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‘'6b (3). Single arc accelerated weathering machine . — The apparatus 
shall consist of a vertical carbon arc mounted at the center of a vertical 
metal cylinder. The arc shall be enclosed jn a clear globe of No, 9200 PX 
Pyrex glass 0.0625 inch thick or other inclpsui’c having equivalpnt absorb- 
ing and transmitting properties. The globe shall be cleaned when the car- 
bons arc changed or at least once every 36 hours of operating time. The 
arc shall bo operated on 13-ampcre direct or 17-arapere 60-cyclc alternat- 
ing current with the voltage of the arc 140 volts. The specimens for test 
shall bo mounted on the inside of the cylinder facing the arc. The diameter 
of the cylinder shall be such that the distance of the face of the specimens 
from the center of the arc is 14% inches. The cylinder shall rotate about 
the arc at a uniform speed of approximately three revolutions per hour. 
A water sjiray shall strike each 2-inch-wide specimen in turn for about 1 
minute during each revolution of the cylinder. An Atlas Electric Devices 
Co, single-arc wcalher-o-meter will fulfill the above conditions.” 

It must be emphasized again that these tests do not necessarily predict 
the behavior of flameproof fabrics during actual use, and that their pri- 
mary function is to servo as a means of delecting materials or coatings 
which, under certain conditions, might have adverse effects on the fabric. 
They are also useful in ascertaining the effects of one treatment relative 
to another. For example, it has been observed that cotton duck, treated 
so as to bo lire, water, weather, and mildew resistant, which contains an 
unstable clilorinated paralTm, exhibits an increase in acidity (decreased 
pH) during healing at 100° C., whereas one which contains a stable type 
material shows no cliange in this respect. Increase in acidity may be re- 
garded as undcsirahle because of the sen-sitivity of cellulose to acids. 

In most inslancc.s, the resistance of the fabric to aging is determined 
by loss in strength, but it is dilBcult to establish satisfactory levels of 
lierformance. Other tests, such as tearing strength and fluiditv, arc some- 
times useful. The latter is of value in detecting certain types of incipient 
damage in cellulose which is not always revealed in losses in strength (see 
oxidation of cellulo.se). As a general rule, flameproof fabrics are also re- 
quired to maintain their initial properties of flameproofness during expo- 
sure under the conditions of the various tendering tests. 

At the outbreak of World War IT, considerable impetus was given to 
the problem of evaluation of textiles by tendering tests. One of the most 
important items for consideration was duck, cotton; fire, water, weather 
and mildew resistant, because of its wide use in tentage and tarpaulins. 
The results of three years’ work showed that it was impossible to evalu- 
ate the potential life of fabrics of this type by any one of a number of 
accelerated laboratory tests. This is because the performance during 
natural weathering is largely dependent upon the location of exposure. 
In other words, no precise and fixed behavior of a fabric could be estab- 
Sponsored by the Office of the Quartermaster General 
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liehed. Thus, ifc was made clear that the potential serviceability of fab 
for tentage can be reliably judged only by subjecting them to extc 
exposure, and that the service life will depend upon the conditions j 
vailing at the point of usage. 

Evaluation of duck, cotton; fire, water, weather, and mildew rcsisl 
under XJ. S. Army S])Ccification 6-346 is based jirimarily on performr 
during exterior weathering in Yuma, Arizona, and New Orleans, Louisii 
for a period of six months, April through September being preferred. T1 
locations were chosen on the basis of their wide divergence in climatic ( 
ditions. The results of exposures made in desert areas lack the coinpl 
tion introduced by the action of microorganisms. Exjiosuros in f 
tropical or tropical areas have the primary function of cstablisliing 
resistance of fabrics to mildew in tlio presence of sunlight and rain 
and ordinarily do not subject fabrics to the stringent conditions of 1 
light intensity at low moisture levels. 

In the 0001*80 of the experimental work carried out under N.l 
Project Q.M.C. #27 at Columbia University several surveillance and 
dering tests were employed in order to anticipate the rclalivo bchnvir 
v<ariously flamoproofcd fabrics in the course of normal service. Comp 
tive data were desired after long-term exposure under normal ami 
conditions and also following short exposures to tlic extremes of teiu)) 
ture and humidity. As mentioned above, it was liiglily donirable that 
accelerated conditions should not be so severe ns to cause' chomica 
physical changes in the flameproofing agent which would not aWo o 
in time under the conditions of actual usage. The four lost condil 
selected, which will be briefly discussed in the following luiges, ' 
(1) prolonged indoor storage under existing condilions, (2) extended 
door exposure under prevailing weather coudition.s, (3) ncccleralecl 
storage for 2, 3 and 4 weeks nl 160' E., and (4) accelerated In 
storage for 2 weeks at 120' F. and 85% R.II. 

Indoor Storage. Due to several experiences with tlic loss of effcci 
ness of certain water-soluble retardants on prolonged indoor storage, 
surveillance procedure was adopted for a study of the tcmimrary fli 
proofing agents. The testing procedure consists simply of husjion 
treated fabric samples in n closed room for long jicriods of time, remn 
test specimens at weekly or monthly intervals and testing for flnmcpi 
ness or fabric strength after conditioning for at least 24 hours in 
standard atmosphere. Care should be taken that there are no folr 
creases in the stored samples since it has been found that contact bet* 
fabric surfaces interferes with the vaporization or sublimation of vol 
constituents. Since in a surveillance test of this typo the existing ci 
tions are extremely variable, it is well to conduct all experiments 
comparative basis referring to a standard fabric which is subjoe-led ti 
same test period. The temperatures and humidities encountered 


naturally vary greatly from one part of the country to another. The 
tests at Columbia were performed during the summer and fall months, 
the temperature ranging from 65 to 95® F, under nearly all possible values 
of relative humidity. 

Outdoor Exposure. In a study of durable flameproofing treatments 
it is desirable to know the effect of outdoor weathering upon the perma- 
nence of the flameproofness and the propertiesTof fabric strength. The pro- 
cedure consists of stretching large samples of treated fabric on a metal 
frame and placing the frame in such a manner that the samples are com- 
pletely exposed to wind, rain and sunlight. The supporting frames in this 
instance were supported at an angle of 45® facing the southeast, and the 
samples exposed to typical East Coast fall weather. In this case also it is 
essential that all data which are to be subsequently compared be collected 
in parallel tests under the same existing conditions. If this is not possible, 
the use of a standard reference fabric will permit some qualitative com- 
parisons, 

Accelerated Dry Storage. Flameproofed fabrics employed in articles 
of military clothing might well be exposed to long periods of storage prior 
to issue for use. It is imperative that during the storage period the gar- 
ment does not undergo any serious impairment of its strength or flame- 
proof characteristics. In an attempt to simulate the severe dry storage 
conditions which might be encountered in arid regions, a tendering test 
was employed wherein fabrics were exposed to a temperature of 150® F, 
for 2-, 3- and 4-week periods. 

The tendering chamber consists of a large, triple wall, forced circulation 
oven in which the temperature can be controlled to ^ 1® F. 

Samples of the treated fabric are suspended in the oven vertically, 
specimens being withdrawn at the end of 2, 3 and 4 weeks. In each case 
the specimens are reconditioned for at least 24 hours at 70® F. and 65% 
R.H., reweighccl to determine possible loss in add-on and subjeotecl to the 
tensile or flameproofness test. 

Accelerated Humid Storage. In an attempt to simulate humid stor- 
age under severe tropical and jungle conditions tendering tests were also 
carried out for a period of 2 weeks at 120® F, and 85% R.H. 

The tendering cabinet in this case was specially constructed for the 
purpose and is shown in Figure 10. The 4-inch walls contain 2 inches of 
rock- wool insulation and the doors are sealed by padding with a layer of 
felt around the jambs. Heating is accomplished by means of a nichrome 
electric grid heater regulated by means of a gas-mercury thermostat and 
suitable temperature regulator relay. The cabinet temperature can be 
maintained to ± 0.5° F, The humidification system consists of a large 
cheesecloth screen continually wetted by a stream of hot running water. 
The air in the cabinet is circulated through the wet screen by means of a 
small electric fan. The relative humidity is constant to ^ 3%. 
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The test procedure employed is essentially as described for the a 
erated dry storage test 

As has been previously pointed out these accelerated tendering 
are valuable in the study of flameproofed fal)rics in spite of tho fact 



A. Side View 

Showing thermostat, dry bulb, fan and 
heating grid, 
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Showing wet bull), clu'i'sc'clol h i 
over hoi water spray and dni 


Figure 10, Humid tendering cabinet. 


they may not exactly predict the performance of the fabric under nc 
conditions of usage, They serve particularly well in comparing the 
formanccs of several differently treated materials, as is often dosiral 
development work and furthermore aro of great value as screening 
cedures. The ability to closely duplicate tho conditions allows corrol 
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between experiments which may have been conducted over a very wide 
interval of time. This is a definite advantage over long-term exposure 
tests under existing weather conditions where all data whicli are to be 
considered comparatively must be obtained concurrently. The interpre- 
tation of results of either laboratory or field tests is unfortunately not a 
routine matter, and the limits or tolerances allowed in the various pro- 
cedures described herein cannot be fixed. These limits are usually based 
upon personal judgment and experience, taking into account the condi- 
tions of the tost. 


10. Physiological Heat Load Experiments 
WilUavi R, Christemen 

Experiences of the past few years have clearly demonstrated that physi- 
ological heat load must be considered in the selection of uniforms for mili- 
tary personnel operating in tropical or desert terrain. It is essential that 
those uniforms which seriously interfere with the dissipation of bodily 
heat be avoided under such circumstances. If such garments are issued, 
they are likely to bo discarded as soon as the heat becomes excessive (and 
their protective qualities thereby effectively eliminated) or, if retained, 
the incidence of heat exhaustion may be increased. An evaluation of the 
physiological heat load of military garments is, therefore, advisable or 
even essential. 

Accurate accom])lislimcnt of this task requires con.sidcrahlc care and 
time. Very special typos of equipment and a largo number of trained, co- 
operative sui)jecis arc necessary. However, its value is manifest. In this 
section an atlciri])t is made to present a simple but adequate test tech- 
nif^ue. The metliod described is based largely on the cxiicriences of the 
Cliinalic Research Laboratory. This presentation is in no way intended 
to be comprehenrivc. 

Fundanienlally, all appronclics to this problem are ba^^od on considera- 
tion of the luiman body as a heat-producing machine. The im|iortance of 
imposed physiological heat load stems from the fact that the body tcra- 
pcj-aUirc must be regulated within very close limits if operating efficiency 
is to be maintained. When exposed to low ambient temperatures, tlie 
luiman maintain.? a satisfactory mean temperature by certain physio- 
logical adjustments and through the addition of clothing, the thermal 
insulation of which reduces the loss of heat. At high ambient temperatures, 
the body must lose more heat or its temperature will mount and physio- 
logical breakdown will eventually occur. This heat is principally dissipated 
through radiation, conduction, convection, and evaporation. In any given 
case, the relative magnitude of the loss through each of these avenues is 
determined solely by the existing ambient conditions, ie., dry bulb 
temperature, intensity of solar and terx^estrial radiation, air movement and 
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wet bulb temperature. Obviously, the most immediate effect of an oxcoi 
sive load upon the cooling meclmnisms of the body would bo a rise in tl 
average temperature of the tissue mass. This is reflected by an increase i 
the skin and rectal temperatures. Concomitantly the cardiac output is ii 
creased, the most obvious sign being an increase in indsc rate, ar 
peripheral vasodilation occurs. Sensible perspiration appear.s and increasi 
roughly in proportion to the elevation of skin temperature. The majorit 
of these responses can be interpreted as attemi)ts to increase amount i 
heat loss. Their relative cflicicncy differs widely according to the exa 
conditions of wet and dry bulb temperature, radiation, and air movemon 
However, it is quite apparent that clothing of any type would act as di 
terrent to the efficient dissipation of heat. The tliennal insulation it jun 
vides reduces conductive losses when tlic ambient temperature is bclo 
that of the body surface. Convective cooling currents arc largely dim 
nated because free circulntion of air is prevented by the clothing. Garmcn 
also provide a radiation barrier. And, because they present a barrier to tl 
diffusion of water vapor, evaporative heat loss is reduced. Under mo 
circumstances of high temperature and humidity, therefore, clothing cf 
be considered to constitute a barrier to heat dissipation hy the body. 1 
outlined above, the physiological effects which may be expected are ( 
increase in rectal temperature, skin teinperaluro, blood volume, cai'dh 
output, pulse rate, peripheral blood flow, oxygen consumiflion and swo 
production. If such trends are allowed to continue, cfRciency in soon r 
duced and irreversible changes may ensue. Obviously the imitK'diale soli 
tion is to discard all clothing. Many peoples living under conditions imjHi 
ing heavy heat loads have come to this solution. However, the unaecu 
tomed soldier from temperate areas requires the protection agninsl sol 
radiation, insects, skin trauma, etc,, which a garment provides, I.ikcwi;- 
if there are no garments there can be little or no ))rotecli()n against fliim 
It is entirely logical to assume that the magnitude of (he resjumscs 
heat would be directly related to the magnitude of the heat load impose 
This has been proved experimentally for a majority of these values Thcr 
fore, by exposing human subjects in various garments to controlled cond 
tiona, an evnliiniion of the bent load imposed by (be garments may 1 
obtained from the magnitude of the physiologionl changes which thev i 
duce. Some of the physiological changes, bowover, can be more rondi 
adapted to testing techniques than others. Determination of blood flr 
and oxygen consumption is too difiiciilt for rniitino use. Changes in bloi 
volume probably do not appear rapidly enough. Because of this, most i 
vestigators Imvo depended upon measurement' of skin IcmpornUirc, reel 
temperature, pulse rate, and sweat production for evaluation of garmcn 
The measurement of rectal temperature, pulse rate and sweat productii 
is relatively easy, but accurate determination of skin tcmjieraturcs i 
quires the use of radiometers. These instruraenta arc difficult to use ai 



require constant, careful calibration, Because of this, skin temperatures 
arc also often discarded. This omission leaves sweat loss^ rectal tempera- 
ture and pulse rale as the chief criteria. The response of the sweat rate to 
any given change in conditions is by far the greatest. Therefore, this is 
probably the most sensitive and accurate of these determinations, 

Having thus established physiological criteria for evaluation of imposed 
heat load, it is important to consider the equipment and subjects. The 
success or failure of such experiments will depend largely upon the 
chamber used and the subjects selected. Rigid control of ambient condi- 
tions within the experimental chamber is essential. Since the over-all heat 
loss from the body is determined by the combination of wet and dry bulb 
temperature, radiation, and air movement, it is quite apparent that all of 
those factors mu.st be very carefully controlled. Small variations in wet or 
dry bulb temperature, wall temperature or wind velocity under severe 
environmental conditions will oftentimes produce more marked physio- 
logical changes than the garments themselves. The chamber should be such 
that it will maintain wet and dry bulb temperatures within 1.0° R It 
is essential that this control be maintained throughout the daily experi- 
mental period as well as from day to day. AVall temperatures, including 
ceiling and floor, must be similarly controllable so that the radiation fac- 
tor is constant. Wind velocity should not vary more than ±0.1 mile per 
hour. The miscellaneous equipment required includes a treadmill, provid- 
ing very constant and reproducible walking speeds, a balance of sufTicient 
sensitivity to weigh the subjects to within ± 5 grams, rectal thermnmeters 
and cardiotachoineter or stethoscope. The cardiotachomctcr is preferable 
for recording pulse rate since it supi)lics a permanent record and is not 
subject to the errors of personal interpretation With this equipment, there 
lias been constituted a rigidly controlled environment in which work of a 
prcscrilicd, reproducible rate may be performed which is oquif^licd with 
in.s( rumen ts enabling the measurement of the expected physiological 
changes. 

What of the experimental subjects? As far as can be determined, men 
of any bodily size or configuration are suitable However, it has been 
generally found that individuals of the pyknic type are rather unsatis- 
factory in that high temperature exposures are more difficult for them and 
their results are not as reproducible as others. Under any circumstances 
those selected >should be physically vigorous and willing to undergo ar- 
duous exposures to high temperatures over extended periods of time. It is 
also cssenfial that they realize that fairly regular eating and sleeping 
habits must be maintained and that excessive indulgence in alcohol be 
strictly avoided throughout the period of the test. After their selection, all 
subjects must be physically trained and acclimatized. Both training and 
acclimatization affect the subjects^ physiological responses to any given 
set of conditions. A trained man completes a prescribed period of walking 





on the treadmill with lower pulse rate, rectal temperature, skin tempo 
ture and less weight loss. The same is true in the case of occlimaliiinti( 
Obviously, therefore, untrained and unacclimatizcd subjects would not 
in a basal state and could not be expected to achieve reliable or rcpi 
ducible values from day to day until they had been so conditioned. Th 
results would be worthless. Training and acclimatization sliould be enrri 
out under conditions which duplicate those outlined for the test routii 
Both can be accomplished simultaneously. Five days of exposure to t 
exercise and ambient conditions to be used in the test procedure 
suffice. The major portion of acclimatization is known to be complcl 
within this period of time and, if the subjects arc in reasonably good ce 
dition initially, no further training will bo required. 

Before setting up the exact routine to be used in evaluating the gf 
ments, it is essential that the criteria for dilTorcntiaLing them be cstn 
lished. The physiological data, as outlined, will include pulse rate, reel 
temperature, sweat loss, and possibly skin temperature. In the first place 
must be realized that there is no absolute standard with which these vain 
may be correlated. The physiological responses of different individuals 
the same heat stress are extremely variable and pulse, sweat rale ni 
rectal temperature bear no simple relationship to the working al)ilily or t 
likelihood of failure in an individual. Therefore, all cvakiuLions mi 
necessarily be comparative, i.e., responses of the same subject must 
compared. It would be extremely difficult to perform a ifiiysiological c 
periment of the type required with a sufficient number of subjects to I’l; 
out inter-individual differences. The performanoo of a subject in o 
garment must be compared with his performance in anotlier 'rids can 
done accurately as long as experimental condiliona arc as carefully eo 
trolled as outlined. AVhat, however, should be used ns the iilliinale staii 
ard of comparison? Some of the criteria which iniglit be considered are 
follows: (a) the absolute limils of temperature and Immidity (lie siihjc 
can stand while wearing the test uniforms, (h) (ho extent of (he physic 
logical changes induced by -standard work pci'iods in the gannents ludi 
studied, or (c) the amount of work required to induce specified iiliysii 
logical responses in subjects wearing these uniforms. Any one of the 
methods may be used. In some instances a knowledge of tlic upiier limi 
of temperature or work which can bo tolerated by a group in a unifor 
will be of value. However, the comparison of the physiological cliangi 
induced by standard work periods is the easiest and simplest approne 
Naturally a standard garment will have to be selected ns the basis i 
comparison. If a new uniform is being considered, tlio one it is intended i 
replace maj' be used as a standard of comparison. 

Comparative experiments of this type require siiccial conaidorntion 
order to insure proper control. In addition no conclusions should be draw 
unless they can be supported by statistical analysis of the data. Certai 
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arbitrary limits over and above statistical significance may be established. 
Either typo of consideration requires that the reactions of individuals be 
compared only among themselves, i.c,, that there be no inter-inclividual 
comjmrisons, This means that all subjects in a test group must wear all of 
the test items. Thereby an indivkluars reaction in one outfit can be com- 
pared with that in another outfit. Likewise, it is essential that experimental 
items be rotated among subjects according to a Latin Square technique 
and that, in any single phase of the work, all items undergoing comparison 
be represented. If only two subjects can walk on the treadmill simul- 
taneously, only two uniforms can be compared. On the first experimental 
day each subject wears one of the two uniforms; on the second day the 
types arc exchanged. Thus a maximum of control is obtained. For ade- 
quate statistical consideration of such paired data a sampling of at least 
six and jn'cfcrably eight or ten subjects is required, In accordance with the 
material outlined above the data considered will include weight loss dur- 
ing the j')oriocl of exercise, the rectal temperature, pulse rate and skin 
temperature at the completion of the period of exercise. 

Thus far nothing has been said concerning such details as length of 
exercise period, severity of exercise and ambient conditions to be luscd. 
No categorical siatements can be made. Some investigators have employed 
4-lK)ur periods, thus insuring that equilibrium between heat production and 
loss will Imve l)cen attained. Others have used only 1-iiour porio<|s, since 
(lifTcrcnccs in garments will have appeared by this time even though cqui- 
lilirium may not have been reached in some instaiicc.s. Exiioncncc at the 
Climalie Kescarcli Laliorntory has shown this to be a suitable method, 
thaler any circumstances all experimental subjects should undergo a 
definite prc-oxorci.sc rest period in the ciminber. Only hy this moans can a 
fairly standard slate in all subjects be assured for the beginning of the 
testing period. TIio severity of the exercise may vary con^ideralily. How- 
ever, an attempt should be made to duplicate the field conditions expected 
Clreat care must be taken to adjust the exercise to the ambient conditions 
in order to avoid imposition of too great a burden upon the sub] eels. The 
ambient conditions under which testing has been carried out have varied 
considerably. Obviously it is desirable that the garments be investigated 
luvlcr conditions of temperature, humidity, radiation and air movement 
similar to those under which they arc to be used. Significant differences 
are more likely to be revealed when certain ambient conditions are used. 
However, if tlie garment is never used under such circumstances tlie dit- 
fcrcncc is meaningless. 

Strictly speaking, the subjective appraisal of test items has no place in 
a discussion of techniques of evaluating heat load. However, there are 
certain features of garments which are exposed remarkably clearly by 
wear under simulated tropical or desert conditions, namely, drag (the 
tendency of garments to restrict motion by adhering to the skin), skin 
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sensation and subjective coolness. They are equally as important . 
posed heat load in determining whether or not a uniform will be r 
accepted. Because of this it is probably desirable, in all garment coi 
sons, to obtain an interview at the completion of the comimrison in 
all subjects are asked to rato the garments in the order of their prefi 
in regard to (1) coolness, (2) drag, (3) skin .sensation, and (4) o^ 
preference. The data obtained may be analyzed statistically. 

Through correlation of physiological and subjective data, colled 
outlined above, one may form a reasonable conclusion as to the o\ 
acceptability of any uniform for wear under tropical or desert condi 

11. Wear Tests 
E, Folger Taylor 

A specially designed garment, or a garment of standard design me 
special fabrics or treated fabrics, must be proved for wearing abilit 
fore it can be adopted for general use by the Army. Wear tests of sc 
typds are commonly used. Accoleratod wear tests, in which the gari 
are continuously subjected to severe wear conditions simulating tho£ 
countered in combat, arc tised to evaluate the performance of the 
garments in terms of a standard garment. Normal wear tests, during \ 
the garments are worn in the usual routine of training, mancuve 
garrison work, compare the performance with that of the standard gar 
under the same conditions. Special wear tests, in whicli a group of 
wear the garments under carefully controlled conditions, evaluate 
particular property of the garment. Such tests may take advnntai 
natural or artificial environments depending on what jiroperty oi 
garment is being studied. 

Accelerated wear tests ni’o made by the Quartermaster Board at f 
Lee, Virginia, on a combat course designed to expedite tests of cloi 
design, construction and materials under simulated rigorous field 
ditions. 

The combat course is illustrated in Figures 11 through IG and cor 
of 22 obstacles, each representing a definite tactical problem and appr 
that might be encountered in most theaters of operation.'" The cour 
1700 feet long and each obstacle was selected after an oxlmustive s 
had been made of clothing failures in tho field. Thousands of gnrit 
that had been salvaged in the theater of operations and tho contiiu 
United States wore carefully analyzed; combat motion pictures 
studied ; enlisted and commissioned personnel just returned from coi 
areas were questioned; and expert clothing technicians were consu 
As a result the simulated tactical problem which was sot up was thf 

Figures and details of description furnished by tho Qiiartcrmnstor Board, C 
Leo, Ya. 
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troops approaching and attacking an enemy village and then continuing 
on to wipe out an enemy strong point. 

The test subjects traverse the course by rushing, crawling, creeping, 
climbing, sliding and jumping. From their first vantage point at the start 
of the course the soldiers run and take cover behind several natural ob- 
jects as they approach a railroad embankment, where they climb a re- 
vetment, squirm across the heavy coarse slag of the railbed on their 
stomachs and slide head first down a 30° slide of Belgian Block about 20 
feet long. At the bottom they scramble to their feet, run and drop behind 
a split rail fence. Then the fence is climbed quickly and the soldiers run 



Coxirtcsy of Qxtarte* master B^^ard^ Camp Lee, Vtruxma^ 


Figure 11 Wear test combat couise: Descending 20-foot Bcigiiin Block sJuIr* 


to take cover behind a stone wall. After crossing the wall they run forward 
taking momentary cover behind trees and logs until a slit trench is reached 
Here the test subjects rest and then climb over a tree block and advance to 
a crushed stone road which must be traversed on the stomach. A series of 
trenches, a road block and finally a cement culvert arc traversed before the 
enemy village is reached. 

The village consists of three bombed out houses. The soldiers enter 
through the window of the first house, make their way under fallen beams, 
over passages strewn with cement and rubble, up and down wrecked 
stairways. They traverse two such dwellings in succession and finally cross 
from the second dwelling to a ruined warehouse by means of a fallen 
beam. Here the test subjects are confronted by a maze of narrow twisting 



Courtesy of Qnarici master Bomd, Lci\ lUt 

Piginc 12, Wear test combat course: Crossing sLrouiu on full(‘n iJiiibcM', 
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Courtesy of Quartermaster Boards Camp Lee, Virginia., 

gure 14. Woar test combat coui-se: Crossing fmin nuneJ Jiou^c to wiueiioiu-'C on 

fallen beam. 



Coiirtesy of Quartermaster Board, Camp Lea, Vhoxnxa. 
Jfigure 16. Wear test combat courses Olimbing slag railroad ombankrnent. 
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passageways between jumblecl packing cases and, as the soldiers work the 
way through them, every inch of clothing is subjected to strain ar 
abrasive action. Following the village is another railroad oinbankme: 
which must be climbed and crossed by crawling, after which the soldic 
creep and crawl through a logged communication trench and notwoi 
of forward trenches. As the final objective, the enemy strong point is ai 
preached, the soldiers squirm on their backs under a wire ontanglemcr 
roll over a road block and slide down a cement lined tank trap, coinpletii 
the traversal of the combat course. 



Figure 18, Wear tost combat ooursei S(|iiivming iiiulcr wire cnlunglfiiuiU. 


To evahiato clothing by means of this course a group of men milfitU 
with properly fitting garments are sent over the course as many (iiiu's i 
are needed to make the garment unserviceable. The u.sc of correVlIy fit.lc 
garments is of the utmost importance if valid test results and conclusioi 
are to be obtained. After each Irnvorse of the course, the natui'o, locati( 
and extent of deterioration or failure are observed. Traverses of the eoun 
are made by the group using control garments as well as tlie cxpcrimonl 
garments and an analysis and comparison is mado of the extent and ra 
of deterioration and failures. Since it is possible for n man to traverse th 
couise several times a day and since the best garments rarely stand i 

before becoming unserviceable, this couri 
wi I yield, m a matter of days, information which would take monllis 
obtain from field tests. 
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Normal wear tests consist of a systematic observation of the manner in 
which various garments perform under whatever conditions of practical 
use are desired. For instance, a group of subjects may be equipped with 
test and control garments and permitted to go about their normal duties. 
Weekly observation of how the garments are wearing can then be made 
either before or after laundering, or both, throughout the life of the gar- 
ment. For the best comparison, it is preferable to select groups of test 
subjects whose normal duties are the same so that the wear may be re- 
lated, if possible, to the duty. In this way performance of the new garments 
under conditions of garrison duty, training, maneuvers, can be studied and 
correlated with the performance of the standard items. 

Details of such tests depend upon what performance characteristics the 
observers wish to study. For instance, in one wear test of flameproofed 
clothing the object was to determine the wear life of the garment and the 
flameproof finish when the garments were worn eight hours a day, .doing 
routine duties at an Army laboratory. The garments were laundered once 
a week using the Army mobile laundry equipment and the standard wash- 
ing procedure. Each week garments were dropped from the test at random 
and specimens were selected from worn portions of the garments as indi- 
cated in Figure 17. Some of these specimens were taken before laundering, 
the remnants of the garments were then laundered and a second set of 
specimens taken. 

These specimens were tested for tensile strength by the raveled strip 
method as a means of determining the deterioration of the fabric and for 
jflaincproofing by both the 45°-Microbiirner and the Vcrtical-Bimsen 
burner tests to ascertain the extent to wliich the flamcju’oof finish had 
failed. The selection of specimens before and after laundering ])crmits a 
clifTci’cnUation of the deterioration caused by wear and that caused by 
laundering. In addition to the deterioration of objective qualities such as 
tensile strength and flame resistance, a .subjective evaluation of the gar- 
ments can be made on the basis of comments that test subjects have to 
make about the garments. Tests as outlined above should, of course, be 
conducted to give data which can be evaluated statistically so that confi- 
dence may be placed on the validity of the test results. 

Special wear tests can also be designed to evaluate some particular 
aspect of clothing, or clothing treatments. In the case of flameproof cloth- 
ing, for military use, it is important to evaluate the action of sweat, rain 
and sea water on various flameproof finishes. The effect of sweat on the 
flameproof garments can readily be evaluated in conjunction with the 
physiological heat load tests, Ordinarily, test subjects do work on a tread- 
mill at a standard rate under conditions of high temperature and high 
humidity as indicated in the preceding section. The total time of exposure 
is predetermined and is generally accomplished as the result of a series of 
work periods. The amount of sweat absorbed by the garments is measured 
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by weighing before and after use. The action of sweat on the tensile 
strength and flameproofing is measured on appropriate specimens. Since 
the action of sweat may bo spotty because of the manner in which gar- 
ments come in contact with the body, specimens should be chosen from 
various parts of the garment to delect such a difference if it occurs. Figure 



^M^fffore taunc/''ertng, dl After Laundering 

Figure 17. Siunphng nf worn giinm'iUs for flu me tC'^L and 
tensile test «peci incus. 


17 also represents a suitable method of selecting f^jicoinicnH for ihn 
purpose. 

The effect of rain is conveniently studied in a so-callcd ‘^ruin ('ourtd 
The rain court is a large room or outdoor space which is oquipiKul with v 
shower system so designed that the falling water ajiiiroaches imiiiral rail 
in drop size and terminal velocity. The rainfall can be udjuslod from O.J 
to 3 inches per hour and by operation of auxiliary fan equipment^ wine 
can be superimposed on the rainfall to give the driving cITccIk of n hcvcm'c 
storm. In order to maintain the comfort of the test subjects during the 




exposure, the test garments are worn over other clothing consisting of un- 
derwear, socks, shoe pacs, wet-weather parkas and trousers. Periods of 
exposure can be set for the convenience of the test subjects and continued 
exposure can be adjusted to whatever total time is desired or samples can 
be withdrawn at periodic intervals and tested for tensile strength and flame 
resistance. In general the type and amount of rainfall exposure to be 
given a treatment can be decided on the basis of preliminary leaching 
tests. Easily leachable Amishes will need only mild rain treatment for 
evaluation. Thus in the case of a water-soluble salt type treatment where 
the objective is to determine the minimum amount of rainfall which will 
remove the flameproof protection, light rainfall of about 0.1 inch per hour 
and short exposures must be used. But where a finish does not deteriorate 
under leaching it is sufficient to show that a specific number of hours of 
heavy rain, e,g,, 3 inches per hour, do not affect the garment or flameproof 
treatment. 

Sea water immersion tests are necessary because it has been found that 
durable treatments of the urea-phosphate type and possibly other new 
types which may be developed from time to time are reduced in flame- 
proofing efficiency after prolonged contact with water containing appre- 
ciable amounts of calcium and magnesium ions. Sea water immersions are 
designed to simulate operational landings. Where troops are disembarked 
from landing craft on to the beaches in sea water which varies in depth, 
some or all portions of the body may be wet for various periods of time. 
While landing maneuvers could be used for such a test, superior informa- 
tion can be obtained by a controlled immersion test in which the landing 
operation is simulated in reverse. An appropriate beach is selected whore 
the test subjects wade in water up to the knees for a period of time, then 
up to the wait?t for additional time, and finally up to the neck. Samples of 
these garments arc selected for tensile strength and flameproof evaluation 
in such a manner as to differentiate between the different times of exposure 
to the action of sea water. Details of the test can be arranged to test any 
effect or senes of effects of sea water immersion, as for instance the effect 
of a series of alternate immersions and launderings. 

Wherever susceptibility to detrimental ion-exchange reactions has been 
noted it may be found expedient to revalue the rainfall tests. It has been 
shovn that unless soft, deionized, or distilled water is used, the results 
of simulated rainfall tests will be affected by the calcium and magnesium 
ions customarily found in hard waters, 

12. Toxicity Tests 
John W, Meigs 

Toxicity tests of flameproof fabrics include evaluation of toxicity of 
the basic chemicals used, of the fabric at various stages of manufacture, 





storage or shipment, and of the finished fabric as it will be used in the 
field. 

Toxicity of basic chemicals must be considered because certain ones art 
highly poisonous even in small doses; repeated doses may cause cumula- 
tive poisonous effects, or, in the case of flamoimoof fabrics, basic chemicah 
might release poisonous substances under certain conditions of high tem- 
perature. 

Toxicity of flameproof fabrics (including toxicity of solvents, dyes anc 
finishes as well as basic chemicals) at various stages of manufacture, stor- 
age or shipment might adversely affect either civilian or military porsonno 
in the Army’s industrial or military installations. 

Toxicity of the finished fabrics is primarily of concern to inililnry per- 
sonnel in the field. 

Tests for determining toxicity of flameproof fabrics must be chosen ac- 
cording to the particular phase of toxicity in question. 

Basic Chemicals. Most of these arc well known, ns for instance 
borax, or ammonium phosphates. Experimental data on effects of inges- 
tion, absorption by skin contact or inhalation of fumes are availnldc in llu 
medical literature. In the case of untried chemicals, animal studies nuisl 
be carried out to determine the minimum lellial dose by mouth, suiicu- 
taneous injection, .skin application or inhalation in the event (Imi gases oi 
fumes are given off under conditions of high IcmpornUirc. Life span Icstf 
upon small animals, siicli as rats, may be necessary to determine wliolliei 
chronic toxic effects may result. Fortunately, througliout ttie w-nr it wai 
not necessary for the Army to undertake any long-range rcsearcli oi 
toxicity of basic chemicals in flameproof fabrics. 

Manufacturing Processes. Toxicity tests arc necessary at times tr 
determine the probable hazards to workers in industry. Tlic Imzard! 
usually encountered arc inhalation of toxic fumes from open eoiitaiiiers ol 
chemicals or skin contact ivith the nnmc|iro<)fiiig agent ns a result of siiills 
or splashes. In addition, there is the liaznrfl of eontnet lielwecn (lie 
fini.slicd flameproof equipment or material and the skin of jicrHomicl (-ii 
gaged in its manufacture or handling. Toxicity tests to del ermine llu 
hazards from fumes would iiave lo be carried out upon animals unless dntf 
were already available. Spills or siilashes arc Imznrdnua more often lie- 
cause of the solvent involved than boonuao of tiic nninejiroofing agent 
However, this hazard could be estimated from knowledge of (lie toxicity ol 
the various basic ingredients. Finally there is tlic iiossibilily tliat a workci 
may become sensitive to the materials contained in llie flaineproorinf 
substance. This would become apparent if any worker developed derma- 
titis and the causal relationship between the flamcproofing agent and tiu 
dermatitis could be proved by diagnostio patch tests. These tests, whicl 
should be carried out by the plant physician or otiicr qualified incclica 
officer, would prove only that the particular individual was sensitive tc 
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the material in question and would not give any indication of the number 
of cases of dermatitis to be expected from use of the material over a long 
period of time. The technique of this test is similar to that described for 
the prophetic patch test. 

Finished Fabric. The most important toxicity tests, however, from 
the military point of view arc those used to determine whether a flame- 
proof fabric is suitable for use by military personnel in the field. 

If toxicity tests of basic chemicals have not been accomplished, the 
flameproofing agent or flameproofed fabric is disapproved. However, if 
there is reasonable evidence that the fundamental chemicals are not 
seriously toxic, tests arc undertaken to discover whether the finished 
material will cause skin irritation to personnel using it under standard 
field conditions. 

Prophetic Patch Test. The likelihood of development of skin irrita- 
tion is commonly determined by the 'prophetic patch test^ devised by Dr. 
Louis Schwartz and Dr. Samuel Peck, of the United States Public Health 
Service.'^® This method has been extremely useful throughout the war 
period in toxicological evaluation of fabrics of various kinds, including 
flameproof fabrics. A rather simplified description can be given as follows: 
The tests require about 200 subjects representing an average cross-section 
of tljc population ; that is to say, no attempt is made to screen out persons 
who give a history of skin sensitivity to various substances unless such 
individuals arc present in a percentage much greater than that which 
would be found in ilic ])opulntion at large. Each material to be tested is 
cut into s(iuarcs exactly I inch on a side. Arens on the back and arms of 
test subjects arc designated as A, B, C, etc , up to the required number, and 
the materials are also listed as A, B, C, etc. Each patch is placed on the 
back or Uic arm in the designated area and is held firmly in place with a 
3-inch square of adhc.sive with a L6-inch square of cellophane in the 
center to prevent direct contact between the patch and the adhesive tape. 
This assures that there will be a clear area of skin around the patch and 
that any ro/udion to adhesive tape will not interfere with reading of tlio 
lest. After the patch has been left in place for 48 hours, it is removed, and 
the reaction is read 16 minutes after the adhesive tape has been taken off. 
Eacli preliminary reading is recorded, and 48 hours later a second reading 
is taken. The reason for the second reading is that redness caused by 
pressure from the patch or irritation from scratching may interfere with 
the proper reading of the results. After 48 hours these reactions will have 
disajipearcd, and any evidence of skin irritation remaining in the area with 
which the patch had contact will indicate definite irritation as a result of 
the patch itself. The subjects arc then instructed to return after 6 to 10 
days, and at that time patches duplicating the original set are placed in 

Schwartz, L., and Peck, S. M., Rolpriat 2262, Pub. Health Reports, 59, No 17, 
64(W567 (1944). 
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approximately the same positions as before, These tests are read cxa( 
the same way as the first series. 

The first series of tests indicates the presence or absence in the origi 
patch of a primary skin irritant (a substance which will produce s 
irritation in practically anybody, the first time it is applied to tlio s 
for a short period). Strong acids or alkalies arc typical examples 
primary irritants. Almost any chemical in a high enough concentrai 
will act as a primary irritant. Tlie second scries of tests indicates the ni: 
ber of individuals who have been sensitiised to tlic particular chemical 
the first test. For example, the chemicals in patch A may jn'oducc no 
action the first time; howevorj during the 48 hours in which the patch ii 
contact with the skin they initiate chemical or physiological cluin 
within the skin, so that when it is applied the second time 6 to 10 (h 
later definite skin irritation results. Chemicals arc extremely variable 
their ability to cause such sensitization; for example, almost everyone ( 
become sensitized quite easily to tlie irritant in poison ivy; however, i 
tremely few people become sensitized to neoprene rubber or celloplm 
Some chemicals are so simple or their characteristics are such that it is i 
possible for them to cause sensitization. 

In the interpretation of the results of these patch tests, great im])ortat 
is attached to the proposed end use of the particular |U‘o(luct. l^or examj 
if a flameproof fabric is to be used in tents, it is obviously of lilile com 
qiience whether it produces a small amount of irritation in Ininum suhjo 
when applied closely to their skin for 2 clays. Such a coiiling(‘ncy is i 
likely to arise under field conditions, It is therefore possible lo appri 
for tentage a relatively irritating flameproof fabric. On the oilier hand, 
it is desired to use a flameproof fabric in clothing, nuirh more rigid s(un 
ards apply. If it is anticipated that the cloiliing will come in intimate c< 
tact with the skin of the nock or the body, it is desirable (o select a ni 
terial which gives no more than one reaction, and preferably a mild oi 
in 200 subjects. This may nob always be possible because sucli clot hi 
must be used in certain situations regardless of whether it is somewli 
irritating to the skin. It is obviously better lo liavc a soldier with an ir 
tated skin than one who has boon badly burned. These decisions on toxi 
ity require maximum cooperation between the tcclmical iHU'sonnel cn 
cerned with development of the project and the medical authority maki 
the decision. The latter must present the situation to the agciu^y r{'([iiesti: 
the test, point out the desirability of using non-irritating chemicals ai 
indicate which of the available samples of flameproof fabrics tested a 
the least irritating. 

The greatest single problem in carrying out prophetic patch tests h 
been that of obtaining an adequate number of tost subjects and rclainii 
them for the 2 series required. Because tlic tests involve a certain am on 
of inconvenience, many subjects fail to return for the second series, Sin 
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tho latter determines the probability of sensitization by the material in 
question, it is even more important than the first series. It is therefore 
liighly desirable if results are to have optimum statistical significance to 
keep 200 volunteers throughout the test. Unfortunately this goal has only 
rarely been achieved, and results, although sufficient for a conclusion, have 
often not permitted unqualified approval of materials. It is believed that 
agencies requiring evaluation of materials by a patch test sliould consider 
siijiplying volunteers, since such agencies are often in a better position to 
arouse enthusiasm for the project than any other organization. 

Field Test. An additional procedure for testing the finished fabric is 
the field lest This has not been used very widely to evaluate possible 
toxicity of flameproof fabrics. During wartime the method was limited in 
its usefulness because it was too time-consuming and the required pro- 
fessional and technical personnel were not available to carry out tests 
and record results in the detailed manner necessary for sound scientific 
conclusions. At present with neither time nor personnel at a premium this 
method, rcali.slically carried out, should be used to augment the prophetic 
imtch test and other means of evaluating toxicity of flameproof fabrics. 
AVell-conductcd tests with records kept by observers trained to recognize 
toxic skin reactions would go far to establish a belter correlation between 
the results of patch tests of fabrics and the effect of their actual use. 

In summary, toxicity tests of flameproof fabrics require consideration 
of basic chemicals, manufacturing processes and finished fabrics. Since 
data have usually been available about basic chemicals and manufactur- 
ing ])n)cosses, I ho greatest amount of new work has been done in testing 
tnxicily of finished faliries. The possible skin-irritating properties of such 
fabrics have I)cen of chief concern to the Army, and these have been 
ovalualed in many cases by using the prophetic patch test. In the future, 
evaluation of toxicity of flameproof fabrics by accurate field test should 
supplement other methods. 


13. Ilp:nATED Tests 
R, D, Wells 

a. Water Repellency 

Though tho term 'Vatcr repellency'' is often misused, in the toclinica! 
sense it relates solely to the hvdro])hobic nature of a material or surface 
as distinct from the more general property of '"water resistance." The latter 
is a total effect dependent on both the repellent or non-wetting nature of 
tho material and the impedance or blocking of flow of water by the ma- 
terial mass itself. The relationship of the several contributing factors in- 
volved in the complex system of fibers and yarns of a textile fabric is 
beyond tho scope of this chapter. However, the common tests for water- 
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resistant fabrics are divided into simple categories in accordance will 
two major factors mentioned above though the distinction may not I 
an absolute nature. 

Of the repellency tests, the ^^spray” has had the longest u 

and still serves a useful control function in tlio finishing of any 
material. A rating of repellency is assigned according to the amoui 
water observed to adhere to the fabric after a certain quantity of wat 
sprayed on it under standard conditions. The sample is mouniod flat a( 
a six-inch hoop and clamped on by a slighlly larger hoop, iben moimU 
a 46^ angle to the horizontal with its center six inches imclor the s] 
nozzle, The standard nozzle contains twenty holes 0.035 inch in cl 
eter, connected to a conical funnel, For the test, 250 ml. of water 
poured quickly into the funnel and allowed to spray on the sample, 
surface water droplets are then shaken off by tapping the sample, 
mounted, once in each direction against a solid object. The amount 
distribution of water adhering to the sample are compared visually \vi 
graduated series of standard pictures and assigned a rating of 0, 50, 60 
80, 90, or 100 according to the designated rating of the picture most no 
matching the appearance of the sample. The 100 rating is the higl 
indicating no visible adhesion of water. A modification of this melho 
which the adhering water is weighed is included in A.S.T.M. stand ar 

The dynamic absorption test**^ has become recognized ns a belter cv 
ation of hydrophobic finishes than the spray test. A sot of five woi^ 
8 by 8 inch samples is placed in 2 liters of water in a 6-liter liexagi 
tumble jar, which is then rotated about a transverse axi.s at 55 It.P.At 
the end of a designated time interval the samples are reniov(vl and 
individually through a standard wringer, once alone and oikt betv 
dry blotters. The water absorption is then determined by weighing 
wet samples and comparing with the dry weight. This test may be m 
fled to attain an absorption rate by removing the samjiles at hlut('(l in 
vals until equilibrium is attained. It has an advantage in that it ma> 
used for comparative purposes where the fabric samples are not of ide 
cal physical construction, though some reservations slmuld l)e made wl 
widely different fabrics are compared. It is a measure of the efiicie 
with which the finish reduces the natural absorbency of the fabric, an 
dependent both on the inherent properties of the finishing compound 
the degree and uniformity of the application. It has further validity i 

Textiles; Gcnrral Specifications, Toni Mclhods— Fed. StM, Slock Gaining, f 
III, par. 6a(l)-CCC-T~.U>la. 

^2A.A.T.C.C. Tentative Method— Standard A.A.T.C.C. Tost Methods, 1943 Y 
book, p. 238, 

^3A.S,T.M. Designation: D 683^0T; A.S.T.M, Standards on Textile Mate 
(1944), p. 106. 

Textiles; General Specifications, Teat Methods— Fed. SPd. Stock Ciitulog, £ 
III, Par. 6b(l)-CCC^T-191a. 
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test of value of the finish in that the motion of the sample in the immer- 
sion bath breaks clown the false resistance to initial wetting caused by 
entrapped air, which in some other tests gives misleading evaluations. 

The water-resistance tests in which the total effect of fabric and finish is 
measured are of two general types: hydrostatic pressure and simulated 
rainfall. Federal Specifications'*® and A.A.T.C.C."*® and A.S.T.M/^ stand- 
ards outline the conventional hydrostatic pressure test in which the height 
of the steadily increasing column of water imposed on the sample is re- 
corded when the water penetrates the fabric. The sample is clamped over 
a standard orifice, and the hydrostatic load applied by raising a con- 
nected reservoir with mechanical drive, or by a constant feed device, so 
that the level is increased at a rate of 1 cm. per second. The height of the 
column is then recorded at the time that the third drop of water appears at 
different places through the sample. This type of test has been widely used 
for many years though its applicability for many materials, particularly 
clothing fabrics, is subject to question. A percolation test^® uses a similar 
apparatus except that the hydrostatic head is maintained at a designated 
level and the amount of leakage measured. Both tests are sensitive to the 
manner in which the hydrostatic load is applied, and to changes occurring 
within the fabric as the fibers swell in wetting out. For coated fabrics and 
otlicr supposedly continuous films, however, those limitations do not 
apply. Such tests may also be the best adapted for evaluating the fabric 
without regard to hydrophobic finish provided that the hydrophobic forces 
arc overcome either by a shock load or protracted time. 

For clotliing fabrics in particular the simulated rainfall tests arc finding 
increasing favor. With the exception of the apparatus described in the 
Federal Specification, and the Bundesmann apparatus used in European 
laboratories, tlio various rainfall devices have not reached a state of 
ofTicial stmulardization. As would be expected, however, being nearer to 
the natural conditions of usage, correlation with service tests Ims been 
more nearly approached. The main limitations to date are in providing 
the same dynamic forces in the drop impact as occur in nature without go- 
ing to the approximately 20-foob free fall required to reach terminal 
velocity, and in ])rcscnting the sample to the shower in a realistic fashion 
as to shape, backing, and motion. It lias been possible for the Army to 

^^Textilas; General Specifications, Test Methods — Fed. St’d Stock Catalog, Sect. 
IV, Pur. 5o(l)--CCO«T-19Ia. 

^^A.A.T.CC. Tentative Method— Standard A.AT.CC. Test Methods, 1943 Year- 
book, p. 233. 

^7A.ST.M. Designation: D 683-^lOT; A.S.T.M. Standards on Textile Materials 
(1044), p. 104. 

Textiles; General Specifications, Test Methods — ^Fed, St’d. Stock Catalog, Sect, 
ni, Par. 5c(2)— CCC-T-191a. 

^“Textiles; General Specifications, Test Methods— Fed. SPd. Stock Catalog, Sect, 
III, Par. 6 g— CCC^T- lOla. 
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make use of full-scale rain rooms and outdoor rain courts, with water 
drop size and distribution equivalent to natural rainfall in three ranges 
of intensity from 0.1 inch per hour to 3 inches ])or hour. In such tests for 
garment fabrics, the garments arc worn by human siibjoels traversing the 
ram area. However, these facilities arc not readily available to most 
agencies, and dependence must bo placed on one or more of the more 
convenient procedures. The selection of the most api>licablc lest inctliod 
should always be based on the following considerations: (a) the conditions 
of use or service for the material in question, and (b) the imiiortanco of 
the finish, fabric, or total performance in the evaluation being made. 


b. Mildew Resistance 


Many types of tests for mildew resistance have been proposed and 
practiced by research and procuring agencies. The dilTcrcnccs arc due in 
part to the facilities available within each agency and the scionLific back- 
ground of tlie personnel responsible, and in part to the tyiio and exju'clcd 
nse of the materials in which the individual agencies arc niest inler('st(‘(l. 
The resulting confusion in evaluation standards has drawn tlic iUlen(it)n 
of not only the procuring services but also the Nalional Bureau of Stand- 
ards, Federal Specification Bonid, National Defense Ilcseiirch Cominiticc, 
American Society for Testing Materials, and the American A.ssociation of 
Textile Chemists and Colorists, all of whom have taken an active jmrt 
in the effort to resolve those different tests and establish generally ivcog- 
nized procedures. As of this date, however, the effort lias nu>t oulv jiarliid 
success, largely because of the difliculty in ooiTolaling any ncccderah'd 
tests with the complex phenomena encountered in nalural exposures, 

A distinction is generally recognized, though admiKcdly vague, tietwi'en 
mildewing and “rotting”; the former dcscriliiiig a visilile growth of 
fungus on the material in which tendering may or may not result, and I lie 
latter indicating microbiological attack on the material willioul reeanl to 
the extent of visible “mildew.” In a relatively small elass of material sucli 
as camouflage ganiishings, “mildew” a.s doscribed above is the predomi- 
nating consideration because of the effect on the color of the niatenal 
Uith most materials, however, the prevciUion of “rotting” is tlie aim of 
the fungicidal treatment and the testa are meant to measure tlie eflieieiicv 
of this protection even though they arc called in common usage “mildew- 
resistance tests.” 


ti which (ho sample i.s 
uocula ed with the spores of a specific fungus orgnni.sm, placed in a warm 

ncubation chamber under high humidity conclition.s for a stated length 
0 time, and evaluated either by visual evidence of fungus growth on (ho 

S Ions 1 : --y 

lations he in the choice of test organism from the hundreds which 
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might be suggested, in the condition of the organism at the time of inocu- 
lation (spores only, or spores and flourishing liyphae), the mineral and 
organic nutrients supplied in the test, and the temperature and moisture 
conditions. An example of this typo, which has probably had the longest 
and most general usage is the ^'Chactomium globosum^^ (Methods 

similar to this have been listed as tentative standards by and 

soon will be listed by A.A.T.C.C.) Though in practice a visual examina- 
tion of, the incubated sample has often been used for the sake of conven- 
ience, the interpretation is in terms of rot resistance as Ohaetomium 
giobosum is known to bo an active cellulose destroyer. An example where 
a superficial fungus (not an active cclluloso destroyer) is used is the ^^As- 
pergillus niger^' lest for camouflage materials/^ 

Pure culture tests have the theoretical advantage of reproducibility, 
but arc often criticized as being unrealistic duo to the arbitrary choice of 
organism and conditions. A group of tests using either known or unknown 
multiple inocuimn have been proposed as compromises between more 
natural conditions and reproducibility. An example of this typo, in which 
part of the inoculum is derived from the soil, is the enriched soil suspen- 
sion test.'^** It has been possible to obtain consistent results with this type 
of test within an individual laboratory, bub correlation between labora- 
tories has not been of a high order. 

Soil Burial Test, This test, generally considered the most severe of 
the arcclcraicd IchIs, is a direct contrast to the jjure culture techniques. 
Samples arc imbedded for n stated length of time in a warm soil rich in 
humus, and the loss in strength then measured. The inoculum licre is a 
complex mixture of fungi and bacteria in all stages of development to- 
gothor with natural nutrients and probably cnisymes produced in the 
microbiological action on other organic material in tlio soil bed Stand- 
ardization is somewhat diflicult because of ditTcrences in activity bclwoen 
soils from different sources or witliin any one soil bed from time lo lime, 
ami its inlerpretation is further complicated by chemical or absorptive ac- 
tivity of soil comj)oncnts on fungicides or other finishing agents. Tlic 
simplicity of procedure, however, recommends it in tliat it can bo con- 
ducted without trained scientific personnel; while its seventy is such that 
most materials and treatments which pass it will pass most other acceler- 
ated ^h'ofting^^ tests currently used. On this latter point is based the 
common criticism that, by reliance on the soil burial test alone, some ma- 

^'^Tcxtilc.s; Ocncml Specifications, Test Methods— Fed. Sl’d, Stock Catalog, Sect. 
Vlir, Par, Ib-CCC-T-IOla. 

Designation D A STM Standards on Textile Mateiials 

(104D, P. 100, 

S. Army Specification No. 3D-13, 

Textiles; General Specifications, Test Methods— Fed. St^d. Stock Catalog, Sect. 
VIII, Par, 3-CCC-T-191a 
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terials may be excluded which might bo reasonably alficicnt under noi 
conditions of use. The procedure given in Federal Specification CCC 
IQla,*^ is generally recognized, and is in general agreement with that g 
in A,S.T.M. standards.®® 

As in most technical fields, accelerated tests must be used with dis 
tion. It is common practice to use a variety of mildew-resistance test 
evaluation of proposed materials or protective finishes, and select tl 
which have given good performance in all tests. It is desirable whem 
possible to conduct actual exposure tests of the material in the most 
treme climate (with regard to mildew conditions) and under the r 
severe conditions of service or storage which the material in ques 
would be expected to undergo. If a certain treatment has been adoptee 
this basis, it is then customary to check subsequent production of 
treatment by a single test which is selected for convenience and its abi 
to detect faulty production of the supposedly standardized finish. 

Textiles; Goncrnl Spceificationa, Test Methods— Fed. St’d. Slock Catalog, f 
III, Par. 4-CCC-T-191a. 

®°A.S,T,M, Designation: D 08M2T; A.S.T.M. Standards on Tcxiilc Mule 
(1944), p. 102. 


Chapter V 

General Flameproofing: Processes for the Treat- 
ment of Cotton Fabrics 

In addition to tlic evalimtion procedures presented in the preceding 
cliaptcr, tlioso persons wlio are actively engaged in the development or 
ajjpli cation of flainci)roofing processes are, by necessity, also concerned 
with tlic nature of contemporary processes and the mctliods of industrial 
a))plication. For the benefit of those reader's, this chapter has been or- 
ganized to present the chemical nature of the more common flameproofing 
processes, a discussion of the mechanisms by which they function, an ex- 
amination of the laboratory experimentation upon which those mechan- 
isms arc based, nnd, finally, a practical description of the industrial 
practices cniployoit in their commercial exploitation Obviously, each dif- 
ferent flamciH'oofing jiroecss cannot be considered individually. Tluis, the 
nvailnhle treatments liavc been grouped according to the general type 
of flameproofing agent and the method of impregnation, further separating 
the temporary water-soluble treatments from those of a more durable 
nnlurc Siin-c the walcr-sohihlc salts have, until recently, prcdominatod 
the field of flameproofing, it is fitting that this group bo considered first. 

A. TEMPORARY TREATMENTS 
itohert ir. Lit tie 
1. Nature op Retardants 

Tiic majority of the interest in flameproofing agents in the past has 
been conconlrated upon the wator-soluble retardants. Furthermore, per- 
haps (Inc lo the fact that inflammability is commonly considered a charac- 
teristic of organic materials, the investigations have, wdth few exceptions, 
been ooncernod with soluble inorganic salts. The protection afforded by 
these retardants has been classified as “temporary” since the mildest 
water leaching or even profuse perspiration in clothing completely de- 
stroys the efficacy of the treatment. In some cases the retardancy is 
seriously impaired by long-term exposure to elevated temperatures or 
high humidity. For this reason, these “temporary” treatments are ap- 
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plied with the idea of periodic reprocessing in order to maintain the 
sired properties of flame and glow resistance. The flameproofing ageni 
be considered in this section are water-soluble inorganic salts which 
generally applied to the fabric by simple immersion in aqueous’ soluti 

In considering the innumerable water-soluble, inorganic compound 
potential flameproofing agents it should be borne in mind that any i 
fiaminable material will exert an inhibiting action upon tlic flaming 
glowing characteristic of a fabric if added in suflicicntly great quanti 
The characterization of a substance as a flame or glow retardant sin 
be based upon its eflicienb performance by way of one of the mcchani 
of Chapter III, rather than upon the inhibiting effect caused by the n 
dilution of combustible material with large amounts of an in combust 
compound or mixture. 

A brief examination of the literature on the subject of flameproofing 
indicate that practically all the common inorganic salts have been 
vestigated as possible flameproofing agents for ccllulosic materials, 
attempt will be made here to present or discuss this group of compov 
in its entirety. For a comprehensive survey of the salts and mixti 
which have been considered, the reader is referred to two of the be 
bibliographies on the subject of flameproofing.^*^ These articles con 
nearly 700 references on the subject including over 400 patents. An 
tempt will be made in the following sections to point out the general t> 
of compounds to be considered and the groups into which they miglii 
classified on the basis of their mode of action. 

Tlie cfiicicney of a compound or mixture as a flameproofing agent 
be dependent upon its ability to impart to the fabric a high degree 
resistance to both aftcrflaming and afterglow. As has been pointed ou 
previous chapters, these two clmractcristics arc quite different and n 
or less unrelated phenomena which take place ])y entirely different nice 
nisms. For this reason many of the hotter flameproofing agents from 
standpoint of prevention of afierflaming fail to imparl any appreeir 
degree of glow resistance to the fabric. Similarly, boric acid, which is 
of the better water-soluble glowproofing agents, jmsscsses very little a 
ity to prevent the aftcrflaming of fabric. Indeed, there arc very few av 
able inorganic compounds wliicli arc able to produce effective rcsista 
to both aftcrflaming and afterglow. Outstanding examples of this sc 
group are the ammonium .salts of phosphoric acid. 

^“Fireproofing of Fabrics” Ramsbottom, J. E., and Snoad, A. W., Second R 
of Uic Fabrics Coordinating Research Commilteo> Dopt. of Scientific and Inclusl 
Research (Great Britain), (1930). 

“Bibliography on Flameproofing” Akm, E W., Spencer, L. 11., and Macon 
A. R., Am. DyestuSj Rcyir,, 29, 418, 446 (1940). 
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a. Flame Retardants 

The salts which function in the prevention of afterflaming may be 
divided into three general groups on the basis of the mechanisms by which 
they function. These mechanisms have been discussed fully in Chapter III 
whore it was pointed out that some of the accepted theories of flameproof- 
ing rest on a more or less sound foundation of experimental data while 
others are based more on speculation and do not serve to explain ade- 
quately tlie action of flameproofing mixtures. In several cases the physical 
and chemical properties of the compound make it equally applicable to 
more than one mode of action. It is highly probable that in the majority of 
cases a flame retardant is effective due to its functioning by more than 
one mechanism. 

Group I. The retardants in this group consist of salts or mixtures 
which, when heatcclp melt at relatively low temperatures and subsequently 
resolidify in tlie form of a solid foam produced by the evolution of decom- 
position products. These materials are effective due to the formation of 
this foam which is stable to heat and serves as a barrier between the 
fabric and the flame. The retardants arc generally either higlily hydrated 
salts possessing low melting points or mixtures of a low-meltmg compound 
with a highly hydrated salt. In some cases the hydrate may be replaced 
by a carbonate or similar salt which decomposes with the evolution of 
non-nainiuahlc gases. Typical examples of this group of retardants are 
the fallowing: 

Bouix (Na2B407 * lOIBO] 

Aliuniiuirn Hiilfato IAlj(S 04 )a • I8II2OJ 

Borax : Bono Acid (7 3) [Na2B407 * IOIT 2 O : IBBOa] 

Bonix : lioruj Acid : Diatnmoniuin Phosphate (7,3, 5) 

INa^B^O, * lOn^O • IhBOa : (KliOjITPO^] 

Borax : Dlaminoriium Phosphate (1.1) [Najlh 07 • 10II20 : (Nn 4 ) 2 rTP 04 l 
iSodiiiin Piiosphah* Bone Acid (1 1) [\adP04 * 121120 : TlfliOa] 

Boii(} Acid : Diammonium Phosphate (1 1) IlhBOa (NTT 4 ) 2 JlP()d 

There arc many more inorganic rompounds and their mixtures vliich 
could 1)G included in this group and the efficiencies of the retardants range 
from tlic most highly cflicicnt of the water-soluble type to those which can 
hardly be classed as flame retardants. Of those listed al)ovc, the first two 
compounds, borax and aluminum sulfate, are much less effective than any 
of the mixtures which follow. Some mixtures which produce voluminous 
foams, when tested by heating the powdered mixture to 500 C, arc 
found to be non-effective as flame retardants when applied to fabrics. 
Typical examples would be: 

Sodium Carbonate : Boric Acid (1 : 2 ) [Na^COj * IOH 2 O ; HaBOj] 

SUnnio Chloride : Boric Acid (1 : 1) (SnCh • 6 H 2 O : HaBOj 
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In the first ease the material remaining on Ihe fabric after impregnation 
and drying is essentially sodium tetraborate, This is in agreement with 
the flame test data which indicate this mixture to be approximately equal 
to borax in its resistance to afterflaming. 

In the second ease it was found that the foam did not form until the 
mixture had been heated for some time at 400-600® C. It appeared, there- 
fore, that the fabric had been consumed by flame before foam formation 
occurred. 

The efliciency of a retardant of this group, then, will depend upon the 
extent to which the mixture satisfies the following requirements: 

1. One component, at least, must decompose at a relatively low tem- 
perature (80-200® C.) with the evolution of large amounts of gaseous 
products (HaO, COj, NHj, SOj, etc.) . 

2. The other component must melt at a low temperature near that at 
which gas evolution begins. The mixture should form a uniform melt which 
solidifies as decomposition progresses. 

3. The foam formed as the evolved gases blow up tho solidifying melt 
must be formed at a low temperature, without long heating and bo stable 
at temperatures as high ns 600® C. 

These flame retardants of Group I are generally the most cfiieicnt of all 
the water-soluble type in the prevention of afterflaming. At add-ons of 
only 10 to 12 per cent these mixtures prevent any afterflaming and also 
reduce greatly the damage which the fabric siifTcrs wliilc in contact with 
the igniting flame. 

Group II. The flame retardants of this second group consist of inor- 
ganic acids, acid salts or salts capable of libcrnling acids on healing. In 
general these flnmcproofing agents arc lc.ss effective than those of Cirouji I 
in the prevention of afterflaming but have the advantage of !)eing quite 
effective in the inhibition of afterglow. The following arc rcj)rescntutive 
of this type of retardant: 

Orthophosphoric Aoicl |II|POd 
Monoftmmonium Oi thophosplialo (NHJIjPOi] 

Diammonium Orthopliosplinlo ((NII0 jIIPO« 1 
Monosodium Orthopliosplinto [NftII,PO« • lIjO] 

Sulfamic Acid (NIIj— SOj— OIIJ 
Amraonium Sulfamato [Nib— SOj— 0— NHfl 
Ammonium Sulfate ({NllfijSO^J 
Ammonium Molybdate ((NIIOiMoOfl 
Zinc Cliloi'ido (ZnClJ 
Antimony Oxychloride [SbOClJ 
Aluminum Suifnto : Monoammonium Phosplioto [Alii(SO<)> • ISIIsO : NII,TTjPOfl 
Ammonium Sulfamato : Diammonium Pliosplinlo [NTfi— SO,— O— Nib : {NIb)JIPO,l 

The efficiency of these compounds and mixtures in the prevention of 
afterflaming appears to be dependent upon the ability of the retardant to 
furnish a free acid group at the time of incipient flaming. The function of 
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this free acid in the prevention of afterflaming has been previously dis- 
cussed in Cha])ler III. That this is the primary requirement of this group 
of retardants is illustrated by the relative efficiencies of orthophosplioric 
acid and its sodium salts. When the acid anhydride is balanced by an 
equivalent amount of alkali oxide in the combustion residue^ the salt does 
not possess flame-retardant properties. Bearing in mind the formation of 
the pyrophos]:)hate at approximately 200® C,j the reactions on heating 
could l)c represented as follows: 

A. (3M) * IZUgS 


Na-O—P—0 

Nq-O^ 


A 


No change 


B. 2(Na^HP0^^IZHz0)-^-^ZNa^0^f^O^(2\l) ^ i5HzG 

Na-0. 


\ 


Nq^O 

Z Nq-^P=0 — ^ 


No-0^] I 

0 ^ H^O 






P^O 


C. 2(NQH^P04*H;^0)-^NOgp^P^0y ON) ^ ZH^d 


* 


Nq-0^ 

2 H-O—P^O — ^ 






P^O 


Nq-O^ I i 

O ^ 
A/a-Os.] 

H-0^ 


O. ZHsP 04 




(ON) -f- JNzG 




H-0 

\ A 


H-0 


/ 


H-0 1 

O 

//-•Os. I 


J 


^ pp ^ BH-O-P i- M^O 


* 


Equalious Jov chcufiical vcdctions; hcatinQ oj sodiivtYi phosphcitcB, 


The rcquireiTiGnt of the presence of the free acid groups in order io 
function in the prevention of afterflaming is illustrated by the flame test 
data presented in Table h 
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Table 1. 


Relative Flame Rctardanoy of Orlhophosphorio Acid inul Ha SodUu 

Flamo Test) 


Compound 

Add-On 

% 

Aacrdnming 

SCO. 

Clmr Aroft 

C.C.* 

c.a 

2.4 

2.6 

NfljPO. • 12HjO 

77.6 

3 

NaaHPO. • 1211.0 

67,4 

00 

1 

• II.0 

16.9 

H,P 04 

14.8 

0 




Trisodium orthophosphate docs exhibit a sliglit flninc rctnrclano;; 
it is of low order and probably attributable to another moclmnisni m 
that of the compounds of Group 1. Tlic disodiura salt shows a sU, 
more efficient action in slowing the burning rate but still could ni 
classified as an effective flame retardant. The inonosodium sail nni 
acid itself are fairly efficient flame retardants as shown by the rcHiill 
tained at the relatively low add-ons indicated. 

The requii-cmcnts for the members of this group will be cloarm' i 
reader will ‘refer briefly to the discussion of the dehydration ciilii 
mechanism of flame retardancy as discussed in Chapter III. 

Group III. The third general group into which the soluble, inort 
flame retardapts may be subdivided consists of those coin pounds w 
decompose or sublime on heating, evolving large nirunints of noii-ini 
mable gases or vapors. The members of this group in general eoii.si! 
carbonates, chlorides, amraonimn salts and liiglily Iiydniled sails 
pointed out in the fundamental discussions of Clm])ler IH, this ine 
iiism of flameproofing by the generation of a non-inflaminnble alitiosii 
is not as credible nor as well substantiated as the otlicr (wo and li 
many of the compounds in this group have been, or iniglil. he, u^'-ipne 
one of the otlicr two groups. The following will serve ns o\ain])l(’s: 


Hydmted Sodium Cnrhonato (Na2003 * IOII2O] 

Ammonium Clilorido [Nll^Clj 
Ammonium Bromide [NII4B1'] 

Ammonium Iodide [NIl4l] 

Ammonium Sulfate [(NIl4)2S04] 

Ammonium Sulfamalc [NIIjO— SO2 — Nn2] 

Sodium Tungstate (Nn2W04 * 2II2OJ 
Trisodium Orthophosphato [Na5P04 • 121120] 

Calcium Chloride [CaCh ' CII 2 OJ 

There are a few members of this group of compounds which, as . 
cannot readily be assigned to either of the other mechanisms. The t 
standing examples are the ammonium halides. They exhibit no foair 
tendencies on heating alone and also very little decomposition to the ( 
responding halogen acids. It may be that they will fall into Group II w 
more is known about the course of their thermal degradation rcactioiu 
the presence of cellulose and its decomposition products. Extensivo dk 
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ciation into ammonia and the halogen acid has been reported in the neigh- 
borhood of 350 C. but thus far the flame-retardant properties seem to be 
related more to the ease of sublimation and the amounts of sublimate 
formed. 

It is possible that in many cases the flame-retardant action of a com- 
pound is enhanced by this formation of a non-inflammable atmosphere or 
dilution of inflammable gaseous products. This would seem, however, to 
be a secondary rather than a primary cause of flame retardanoy. 


b. Glow Retardants 

The water-soluble compounds which are effective in the prevention or 
inhibition of afterglow are limited almost entirely to bone and phosphoric 
acids and their acid salts. As was similarly pointed out in the discussion 
of flame retardanoy, many compounds exhibit anti-glow tendencies but 
only at excessively high add-ons. This could be attributed to the great 
amounts of added material .merely preventing oxygen from coming in 
contact with the carbonaceous char. Discussion of the mechanisms of after- 
glow in an earlier chapter have pointed out that true glow retardants are 
elTectivc at exceedingly low add-ons and apparently function by catalyti- 
cally influencing the oxidation of carbon, 

Tlie compounds of boric and phosphoric acids are effective in the pre- 
vention of afterglow only when the salt will decompose at flame tempera- 
tures or below to yield a free acid group. In cases whore the acid anhydride 
is balanced by an equivalent amount of alkali or alkaline earth oxide the 
salt docs not pON.sGi>« glow-resistant properties. A convenient example of 
this effect is orthophosj)horic acid and its sodium salts. The reactions oc- 
curring on licating tlicse compoimcls were discussed in the preceding sec- 
tion under the flame retardants of Group II. Employing similar data for 
illustrative jnirjiosos, the requirement of the free acid groups in order to 
function in the prevention of afterglow is clearly shown by the following 
flame test data. 


Table 2. Relative Glow Relardaiicy of Orthophosphoric Acid and Its Sodium Salts 
(‘15°-MicroburiiH Flame Test) 


Compound 

Add-On 

% 

Afterglow 

dec. 

Char Area 
in 1 

Na,P04 • 12H20 

77 6 

400 

cc* 

NajHPO. • 1211,0 

57.4 

70 

cc. 

NaHiPOt - 11,0 

16,9 

0 

24 

IlaPO^ 

14.8 

0 

25 


* C C.— Completely consumed by afterflaming and aftciglow. 

Similar data could be presented for boric acid and its sodium salts in 
which case borax not only does not exhibit any glow-resistant properties 
but instead seems to actually enhance the afterglow of untreated fabric. 



FLAMEPROOPINO PROCESBEB 


174 

Of the two principal glow retardants available the acid phosphates 
somewhat superior to boric acid. In combination with borax in an optim 
mixture, boric acid is unable to prevent afterglow. Similar mixtures 
borax and diammoniiiin phosphate, on the other hand, render the fal 
completely glow resistant as well as flame resistant, 

2. Methods of Commeucial Application 

Water-soluble flameproofing agents may be applied to fabrics by me; 
of several different techniques. In any case the objective is to obtain 
add-on which will be sufRcient to render the material flame and glow 
sistant and to distribute the retardant uniformly throughout the fab 
One factor which must be considered regardless of the impregnation Ic 
nique used is the thcrrao-labile nature of the majority of flamei^roof 
agents. For this reason care must be taken in drying, mangling or iron 
the treated goods. Many of the more common retardant mixtures of 
water-soluble type will hydrolyze or decompose at temperatures below 
near the standard ironing temperatures of 136-149° 0, The mixtures 
borax and boric acid lose hydrated water at 127-134° C. and hence ]) 
longed exposure to ironing temperatures will impair the effectiveness 
the resultant treatment. Ammonium sulfamatc and its mixtures with oti 
compounds decompose in the neighborhood of 134-147° C,, dci)en(li 
upon the mixture, and release inorganic acid residues which will recli 
the strength of the treated fabric, The ammonium phosjfliatcs arc not 
serious offenders with respect to tendering but will lose ammonia, ]mrti( 
larly in the presence of large amounts of water, with the resulting form 
tion of acidic residues and tendering of the fabric. In oi’clcr to avoid luul 
loss of either flameproofness or fabric strength, the mildest of drying a 
ironing conditions must be employed. This may be accomplished by alio 
ing the treated fabric to become fairly dry before ironing or manglii 
High temperatures may be employed in pressing provided the water c 
be removed quickly and the fabric does not remain in contact with t 
iron or mangle long enough to roach the decomposition tcinpcraUircs. 
commercial practice, where dry tumblers are used, the tumblers can 
operated at medium temperatures and reduce the risk of loss of strong 
or retardancy. 

The four common methods of applying water-soluble retardants arc 
immersion, spraying, brushing or impregnation in a commercial wash* 
Because of the great variation in the chemical and physical properties 
different flameproofing agents the details of any impregnation tcchniq 
will vary from one case to another. For this reason no specific method c, 
be outlined which will be applicable to all retardants. An attempt will 
made, however, to discuss in the following pages the general methods 
treatment. The application of these methods for a specific case will depei 
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upon the solubility, minimum effective add-on, and similar properties 
peculiar to the flameproofing agent being considered. 

a. Immersion 

The dipping of fabrics or garments into a volume of retardant solution 
followed by hand or roll wringing is the simplest method of application 
and is adaptable for treating small batches of material in the home. It has 
one advantage in that it tends to produce a more uniform distribution 
than can readily be accomplished by means of spraying or brushing, A 
convenient method of home impregnation is to incorporate the proper 
amount of flameproofing agent into the final rinse of the laundering pro- 
cedure. In the case of many of the common commercial preparations this 
would be approximately one pound of retardant per gallon of water. The 
final dry add-on required in most cases ranges from 10 to 15%. If the 
fabrics dipped into the retardant rinse are very wet, the concentration of 
the solution will have to be greater than given above. 

The adaptation of hand dipping to commercial impregnation where 
large quantities of material are being treated is quite slow and costly. The 
fabrics should be dried previous to impregnation which introduces an ad- 
ditional drying operation into the usual laundering procedure. In addition, 
the extra handling increases the labor requirements and considerable 
retardant is lost in transferring the fabric from tank to extractor. 


b. Spraying 

In many instances it is advantageous to apply the flameproofing agent 
to a textile article without removing the article from service. This is par- 
ticularly true in the case of interior decoration textiles such as drapes, 
curtains and buntings. The same method is applicable for rugs and slip 
covers and could be employed for any textile product. The fabric is hung 
up and sprayed with a highly concentrated retardant solution. Any suit- 
able spraying equipment may be employed provided the spray is not too 
coarse. The fabric is thoroughly and evenly sprayed until it appears defi- 
nitely moist. In order to avoid streaking of the fabric on drying the spray 
should be as fine as possible. With heavier fabrics it is often necessary to 
apply the spray to both sides of the cloth. This method tends to produce 
uneven distribution and requires some experience to achieve a satisfac- 
tory treatment. In treating curtains and garments in the home a modifica- 
tion of this technique can be used by applying the retardant when sprin- 
kling the fabrics just prior to ironing. The cloth must be thoroughly mois- 
tened, however, and as pointed out previously, the fabric should be allowed 
to become nearly dry before ironing in order to avoid undue decomposition 
of the flameproofing agent. 
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c, Brushing 

In the event that a suitable spray gun is not available, a coneen 
solution of retardant may be brushed onto the fabric, Again^ care m 
taken to moisten the fabric siifliciently and yet achieve a uniform ap 
tion in order that the treated material will not have a streaked or £ 
appearance. 


d. Commercial Laundry Treatment 

Where large q[u anti ties of clothing or other piece goods arc conce 
the only effective and, at the same timCj economical method of apy 
flame-retardant treatments is by mechanical means. The iflanfc 
equipped to carry out the impregnation is the commercial laiindr)- 
since the fabrics generally are laundered prior to treatment, a savi 
both time and expense is accomplished by impregnating at the tim 
fabrics are washed. This type of treatment has boon carried out com 
cially and shown to be practical. The variables which exist and the cJ 
they exert upon the finished garment arc presented in the following p 

In an investigation of the suitability of Army mobile laundry ec 
ment for the application of water-soluble flamcproofing agents to her 
bone twill coveralls, the Quartermaster Board at Camp Leo, Virginia, 
ried out a series of experiments using the standard moliilc lau 
equipment to apply a water-soluble retardant to combat clothing, 
flameproofing agent used was a commercial preparation of the sulfair 
phosphate type. The equipment and laundering procedures employed 
very similar to those used in commercial laundry practice. The wn 
was a standard 30 by 30 inch wash wheel which rotated at a speed of ai 
30 revolutions per minute and reversed direction every 7 or 8 rotati 
The 20-inch centrifugal extractor rotated on a vertical axis at a spec 
approximately 1600 revolutions per minute and accommodated abon 
pounds of clothing. The clothes wore dried in dry tumblers of the ntanc 
open-end typo which were 36 inches in diameter and 30 inches long, 
laundering procedure employed was the standard mobile laundry pro 
which may be briefly described as follows: 


Washing. 

Ty po of 

Wntor LdvoI 

Tin- 

Load 

in WftBlior 

Opor 

Solution 

(in.) 

(mj 

Approx. 60 lbs. 

break suds (1.6 oz. soap) 

8 

i 

of clothing 

break suds (1.6 oz, soap) 

6 

1 

per run 

rinse 

9 

€ 


rinse 

9 

r 

C 

Total 

rinse (3 oz. sour) 

9 

L 

.... 19 I 

Tile temperature is maintained between SO® 

and 100® P, 
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Extraction. Approximately 70% of the water is removed from the 
garments by spinning for 5 minutes. One half of the wash load; or approxi- 
mately 30 poimds; is extracted at one time. 

Drying. The extractor load is placed in a dry tumbler for 14 to 20 
minutes depending upon climatic conditions and the efficiency of the plant. 

Attempts were made to apply the fIamc])roofmg agent by including it 
in the final rinse of the regular laundering process and also by adding an 
additional rinse after laundering but prior to extraction. This approacli led 
to inconsistencies in the percentage impregnation obtained and in some 
cases the add-on was below the minimum requirement of 11% 1. Con- 

sistent add-ons were obtained by applying the retardant in an additional 
rinse following extraction. Experimentation indicated that with insuffi- 
cient volume of solution in the washer the garments were not effectively 
im|)rcgnatcd oven after rotation for as long as 16 minutes. A minimum 
water level of 4 inches was found to be necessary to insure complete pene- 
tration of the entire load. 

No appreciable saving of the flameproofing mixture was noted in drjdng 
the garments prior to treatment. Avoiding this additional drying step was 
very advantageous since the added process of tumbling the clothing after 
laundering and prior to immersion in the flamc-rctardant solution added 
20 minutes to the operation. Furthermore, the omission is a di.slinci ad- 
vantage in a commercial plant where drying is one of the major problcm.s. 

In the extraction ])rocess following the flamcproofing treatment it is de- 
sired to remove tlic majority of the solution from the fabric leaving a wet 
])ickiip of approximately 100%. In the experiments at Camp Lee a con- 
stant conccnl ration of solution was used and the wet pickup varied ])y 
means of varying the time of spinning in the extractor. It was found that 
the extraction time was the prime factor in obtaining the desired dry 
add-on of 11%^ 1. The relationship between extraction time and dry 
add-on is sliown graphically in Figure 1, which indicates that the add-on 
may range from 17,1 to 3 4% depending upon the duration of the extrac- 
tion jieriod. In this particular case, using a solution concentration of ap- 
proximately 109 ^', an extraction time of 10 seconds was optinunn for pro- 
ducing a 100% wet pickup and correspondingly dry add-on of 10%. It 
is believed that in employing a similar process in a commorcial laundry 
plant it would be jircfcrable to maintain a constant rate of sjiinning or 
extraction time and adjust the pickii]) by variations in solution conccnti'a- 
tion. This is desirable since a slight variation in concentration in thav 
case would not be nearly as critical as a variation in the extraction time 
as indicated in Figure 1. It is true that in some instances it may be neces- 
sary to vary the extraction time clue to the solubility limitations of the 
particular flameproofing mixture used. 

As a desirable economy in any commercial application it would be nec- 
essary to reclaim the used retardant solution. It was found in the course 
of the Camp Lee experiments that satisfactory impregnation could be at- 
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tained by returning the reclaimed solution to tlie washer in siifTicicuL 
amount to give the minimum 4-inch water level Due to the dilution 
caused by the unextracted water in the garments, it was necessary to add 
a booster of the compound occasionally. The concentration of the re- 
tardant solution was readily checked by means of a hydromoter and a 
specific gravity table could be prepared for the particular compound or 
mixture used and serve in estimating the size of booster required. In tlio 
course of routine treatments by this type of procedure the amount of re- 
tardant required to renew the used solution could probably be detci'inined 
on the basis of a few preliminary runs and remain essentially the same 



Figure 1. Rein lion of exli-nc- 
lion time to pon'mlagt’ of un- 
pregnntion, (Based on 2H pounds 
of retardant in a 4-incli miivr 
icvel) 


for subsequent treatments. A hydrometer reading would serve as a (du'ck 
of effective solution concentration. 

Some of the available^ commercially prepared, wator“Sc)Iul)lo flanie- 
proofing agents are quite acidic in nature and upon hydrolysis will exoi’t 
a corrosive action upon equipment constructed of galvanized iron, copj)er, 
brass or bronze. Whenever possible, equipment made of slainlos.s sled, 
lead, black iron, ceramic ware or wood should be used. In tlic event that 
the only equipment available is galvanized iron or one of the other metals 
which are subject to corrosion, it is necessary to flush out tlie wn.slter and 
extractor after use. Washers made of galvanized iron were employed in 
the experiments described above and when properly flushed after use there 
were no signs of corrosive action on any of the laundry equipment. 

As a result of the experiments described, the following toclmiquc was 
arrived at for flameproofing jackets, trousers and coveralls of 8.6-oz. her- 
ringbone twill. As was mentioned earlier the use of another flame retard- 
ant might necessitate a change in specific details such as the amount of 
compound used. 

1. A wash-wheel load of clothing (56 to 60 lbs.) is first laundered ac- 
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cording to the process previously described (2 suds and 3 rinses). Time — 
19 minutes. 

2. The laundered clothing is then extracted for 3 minutes per 30-pound 
load. Time — 6 minutes. 

3. The washer is drained and capped. Time — 3 minutes. 

4. 28 pounds of the flame-retardant compound is placed in the washer 
which is filled to the 4 -inch level and rotated for 6 minutes. Time — 
6 minutes. 

5. The garments are placed in the washer, the water level readjusted 
to 4 inches and the washer run for 5 minutes. Time — 6 minutes. 

6. The clothing is extracted for 10 seconds per 30-pound load. (Cen- 
trifugal time is taken from the instant the starter button is pushed until 
the instant the stop button is pushed. The extractor is then slowed down 
and stopped by means of the foot brake.) Time — 3 minutes. 

7. With a setting of medium on the tumbler the clothing is tumbled 
until dry, Time — 60 to 70 minutes. 

8. The washer is drained, the solution reclaimed, and the washer 
flushed. Time — 10 minutes. 

The total time of operation for this technique, including the laundering, 
amounts to from 112 to 122 minutes. It is very probable that this time 
could be reduced somewhat using a permanent installation in a commer- 
cial laundry. 

As an illustrntion of the possible adaptations of this type of process to 
commercial laundry practice, a flow sheet of a flarneprooftng technique 
for use witli water-soluble flame retardants is presented in Figure 2. 

B. DURABLE TREATMENTS 

In recent years, the balance of interest in flaincproofing treatments for 
textile materials has been centered upon those processes which display a 
greater or less dcgi'cc of permanence. This has been heightened by the 
adaptation of flameproofing methods to commercial finishing practices and 
by the impending restrictions of the sale of hazardously inflammable fab- 
rics. The three outstanding examples of durable flaincproofing processes 
arc thoroughly discussed in the following pages. The separation into the 
throe general typos shown was based partially on the nature of the flame- 
proofing components themselves and, in part, upon the specific applica- 
tion techniques employed in industrial processing. 

1, IjREA-PiiosPiiATia Type 
a. Fundamentals of Processes 
S, Co'ppick and William P. Hall 
(1) Reaction Mechanisms 

Prom purely fundamental considerations, the mineral acids have been 
shown to be singularly effective in inhibiting the combustion of cellulose. 
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This has led to considerable experimentation in the development of prac- 
tical methods of adding these acid components to cellulosic materials* The 
addition of the simpler sails has already been discussed under ^'Tempo- 
rary Treatments^* in Section A of this chapter. In addition to the am- 
monium salts we may mention here other salts of organic bases such as 
urea/ '* alkylolamines/ guanidine/ and dicyandiamide/’^ The advantages 
of the amino or amido forms over the simple acid lie in the reduction of 
degradation through a buffering action and the ease of condensability to 
form complexes of lesser solubility. 

Since the protection afforded by this type of treatment is primarily 
temporary in nature, attempts have been made to increase the permanence 
either by binding the acid or nitrogen-salt radical indirectly to the cellu- 
lose via resin condensation or by direct chemical combination with 
the cellulose itself, The acidic constituents in the former case may be 
sulfates, borates, or phosphates, while in the latter ease the sulfates and 
phosphates are usually employed. From practical considerations the j^hos- 
phates have been shown to be most effective in promoting the desirable 
flame and glow resistance in the treated fabric. 

The heating of cellulose in the presence of an acidic substance together 
with a hydrogen acceptor and a swelling medium is well known to favor 
esterification and the existence of cellulose phosphate has been rei'jortcd 
quite frequently in the recent literature/^^^^'^^'^'*'^'’^'^® In general the re- 
actions involved in the formation of the phosifliatc ester are impractical 
for flameproofing considerations due to the excessive degrading influence 
exerted on the fabric and the difficulty in adapting the solutions and meth- 
ods used to commercial processes. 

Recently, however, processes have been developed in which formation 
of the cellulose ester or nitrogen salt may be accomplished under condi- 
tions which are commercially practical and which do not excessively im- 
pair or destroy the fibrous properties of the cellulose. 

Essentially, these processes involve treating the fiber at elevated tem- 
peratures with a mixture of an acid with a nitrogen compound. Under 

s Boiler, E R., U S. Pat. 2,097.509 (Kov. 2. 1937) . 

^Cuppery, M. E , U. S Pat. 2,212,162 (Aug 20, 1940), 

“Whitehead, W, U. S. Pat. 2,032,605 (Mar. 3, 1936), 

“Ro'^sor, C, M, tJ S Pat. 2.305.035 (Dec 15, 1942). 

^Tiiggs, British Pat. 476,043 (Oct. 31, 1936). 

® British Pat. 486,766 (June 7, 1938). 

»Groebe, F, U. S. Pat. 2,089,697 (Aug. ID, 1937). 

Thomas and Houston, British Pat. 446,379 (Apr. 29, 1936), 

Dreyfuss, C , U. S Pat. 1,837,150 (Dec 15, 1931) 

Champetier, G,, Compt. Rend., 196, 930 (1933) ; Ann, Chim., 10, 20, 5 (1933). 

13 Tanner, W. L., U. S. Pat. 1,896,725 (Feb 7, 1933). 

iiHagedoin, M., and Guehring, E., U. S. Pat 1,848,524 (Mar. 8, 1932). 

G Farbenindustrie Akt.-Ges., German Pat. 547,812 (June 2, 1030). 

G. Farbenindustrie Akt.-Gea., German Pat. 566,590 (June 4, 1930). 
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these conditions a combination takes place between the three constituents 
and a complex cellulose ester is formed. This imparts durable flame- 
resistant properties to the cellulose. The most' convenient moans for car- 
rying out this reaction is first to immerse the fabric in an aqueous solution 
containing the acid and the organic base. After drying, the material is 
cured at elevated temperatures where the esterification proceeds and fi- 
nally the fabric is washed to remove the tsccess and unreacted components. 
It is, of course, impossible to apply a strong inorganic acid to cellulose and 




H-C^ OH<NHs 

■ X 

O o OH*NH^ 

MqNQ^ CRLLULOSe Oi'AMMONlUKi PHOSPHAT 

I 

0 

NHiHQ 

/\ . 

0 

I 

0hC£LL,ULOS£ MONO’^APtMOWUM PPOiPfiAte 

MoUmlar lormulaQ vwno-’ccllulosc f/i- 
avimoniim 'phosphate and di'Colhdose mono-- 
(miinonnm phosphate. 


then to cure for prolonged periods of time at the temperatures required 
for esterification without completely distintegrating the fiber. It appears, 
however, that if a large excess of certain nitrogen compounds such as 
urea are present, the degradation is greatly reduced, A'loroover, it also 
appears that the presence of the urea creates conditions which favor the 
esterification reaction. 

Actually, the esterification takes place in a molten solution of the nitro- 
gen compound containing the acidic component, Hence, at the tempera- 
tures employed anhydrous conditions exist and the removal of the water 
of reaction proceeds under favorable conditions. Although the constituents 
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are most conveniently applied from aqueous solution and dried on the 
fabric, the direct procedure of treating the cellulose with the molten solu- 
tion leads to similar products. 

The reaction of cellulose with acid phosphates in the presence of a 
nitrogen base may be presumed to occur as illustrated on page 182, to give 
the mono- or di- substituted ester existing as the nitrogen salt, which for 
convenience is illustrated as ammonia. 

The mono-substitution may take place on either of tlie three available 
hydroxyls, but the primary (6) position should be the most readily esteri- 
fied. With the di-substituted product the possibilities include reaction in 
the (2, 3) position as shown above, as well as between any one of the avail- 
able hydroxyls on one cellulose chain together with another hydroxyl on 
a neighboring chain, ie.: 


\ 

o 







> , 





0 \ 
_ 11 . 

1 




0 

I 


I 


MoUcida) \ormula for crossdtnkcd di-cellulose 
phosphate. 


The analysis of a typical permanently flameproofed fabric is given in 
the following table: 


Nitrogen: 2 48% 

Calculated as urea 6 31 

HaPO^: 8,78 

Calculated as urea-phosphate 14.1 

Add-on: 

Determined 16.0 

Calculated as urea-phosphate 16.4 

Mole ratio: 

HjPO< : urea 1 01 : 1 

C JiioO^ : H 3 PO 4 6 92 : 1 


This corresponds to an average degree of phosphation of about one ester 
group per 6 glucose anhydride units along the chain. The mean degree of 
substitution is hence about 0.16, but it should be pointed out that the reac- 
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tion is probably very far from homogeneous and high degrees of osi 
tion will predominate in the more reactive locations on the fiber 
differences in morphological and line structure. 

The nitrogen content corresponds to two atoms of nitrogen per i 
phosphorus, and may be presumed to occur as either the ccilulos( 
monium phosphate or the cellulose urea phosphate, i.e.: 


Ceil.—CHt—O, 




CszO 


Molecular formula for cellulose urea 
phosjyhalc. 


(2) Reaction Variables 

The practical formulations employed in these typos of reactions i 
considerably more complex than those illustrated above; howcv 
general system involves; 

a. The cellulose. 

b. The polybasic acid. 

c. The salt-forming base, 

d. The swelling anhydrous reaction media. 

e. The buffer for the reaction. 

In the simple system composed of phosphoric acid and urea, tin 
component serves the three functions listed in c, d and c. Tlio fol 
considerations may be given to the influence of variations in each 
constituents in more complex systems. 


(a) Fabnc Reactivity 

The state of reactivity of the cellulose itself naturally domtnai 
ease, extent and uniformity with which the esterification proceed 
well-known factors influencing this activity arc the kicring, dcsizii 
mercerizing processes, all of which tend to produce a more receptive 
lose. Difficultly removable warp sizes or poor dcsizing pretroatme 
pears either to retard the esterification or at least decrease its 
geneity. 


(b) The Acidic Component 

The acid constituent is preferably polybasic, which is in general 
ment with the theories for the interchain bonding mechanism. Th( 
available acids meeting those specifications are those of phosphon 
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sulfur, the former being the most efficient. It appears to bo iminatcrial 
whether or not the original acid is in the higher or lower valance state so 
that motaphosphoric, ortliophosphoric, pyrophosphoric, poly phosphoric, 
orthophosphorous and pyrophosphorous all behave similarly. However, 
orthoidiosphoric is usually employed. Since the reactive solution of the 
acid is sometimes prepared at elevated temper aiurcs, and the cs tori li ca- 
tion procedure itself is conducted between 160 and 200® C,, the actual 
acidic component entering into the reaction with cellulose may not neces- 
sarily be that added as the primary component. 

Substitution products of these acids may be employed provided that the 
substitution radical is of such a nature that it does not impair the rate of 
the esterification or reduce the hydrophilic nature of the ester. In general 
the introduction of groups of high carbon content reduces the efficiency 
of tlie acid as exhibited by the inferior protection afforded by fabrics pre- 
pared witli cither ethyl or phenyl phosphoric acid. Similarly, boron-sub- 
stituted phosplioric acids lead to inferior products. Furthermore, it appears 
advisable to avoid unstable halogcn-siibstiliitcd phosphoric acids due to 
the excessive degradation encountered during curing or subsequent storage 
of tlic fabric. Thus fluoropliosphoric is preferred to chlorophosphoric as 
the acidic component. 

The hydrophilic nitrogen substitution products of the acids appear to 
be quite as satisfactory as the free acid itself. In any case the reactive 
mixture consists of an acid and a nitrogen base, and the acid does not exist 
entirely in the free state, but as the un-ionized salt in equilibrium with the 
corresponding ions. For example, diammonium orthophosphate, urea or- 
tliopliosphatc or guanidine pyroiihosphatc may be used in part or cntircdy 
in place of llic acid. Similarly the amicio acids such as phosplianiic or 
the so-called nitride hcxuphosphoric arc effective. Tlie exact constitution 
of many of the nitrogen-containing phosphoric acids is still a controversial 
suliject and many acids of unknown constitution may l>c formed liv re- 
acting together the acid, its oxide or oxychloride and nitrogcn-conlaining 
compounds at elevated temperatures. Those acids al^o arc effective. 

Metallic substitution products of the acids arc generally considerably 
loss efficient in their protective action than the free acid itself. For exam- 
ple, monosoclium orthophosphate gives fair results while disodium and 
trisodium orthophosphate result in jioor rctardancy. Similarly, ptiosphatc.s 
of the dibasic metals such as calcium and magnesium result in products 
with no a])prcciab!e flame resistance. 


(c) The Salt-Forming Base 

The effect of these various changes in the acid is readily explained on 
consideration of the ionic nature of the resulting ester salt. All of these 
structures arc ionized salts and are more correctly represented as, 
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ai/.’-CF^—O^ yO~ 

/\ 

0 0 — 



Molecular Jormula' for ionized ammo- 
nium salt of cellulose phosphate. 


and are capable of exchange with a metallic ion ns follows: 


CoC/, 




/‘\J 


pa+ZNHfCt 


Molecular equalion for formation of calcium 
salt of cellulose phosphate. 


The resulting calcium salt is stable at flame temperatures and will 
produce phosphoric acid when heated, ns will the ammonium salt, 
flnmeproofing mechanism whereby cellulose is dehydrated on heatin 
promote formation of non-flaming products is thus destroyed by the 
exchange with alkaline earth metals. The proposed dehydration fla 
proofing mechanism may be represented as 


lliPO, 

(C,H, A)x >■ Ox C -I- S. 11,0 

A 

rather than the normal decomposition whereby inflammable tars 
gases are produced. 

Similarly the interchain bonding capacity of the iihosphalc rad 
would be destroyed by replacement of the strongly hydrophilic carln 
or amino groups with hydrophobic groups or metals not caiiable of fis^ 
at flame temperatures. The facts then are also in accord with this flai 
proofing mechanism as proposed by Sisson " and previou.sly oullinetl 
Chapter III, Some phosphated fabrics behave typically as ion-exeha 
complexes, and may be conducted through a series of suceca.sivc tre 
ments whereby the protective qualities arc lost and regained liy addit 
or removal of the appropriate ion as shown below. These reactions ii 
be illustrated as: 


”SK8on,W, A, Paper presented at Industrial Advisory Panel Mooting on Fin 
QM.C. # 27, Office of tho Quartermaster Gonornl, Wi 
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Cff//,— C/4— A yOH'BUtK Ci»Hr-Cf(i-0. y(f\ 

’ v/ Q,cf^ X 






O'' ''OH-NH^ 
Arrgm^L AMtNO *0 




/irreff^LAMwa 2^ 

I NHtd 


ceit.—CHi~o. .Ov 

x> 


au.-CRr-O. .OH-NHg 

V 

(y ^OH-NHg 


AgreftfLAM/Ng S2 
I CH^COOH 


Arref^^LAk^it^ 0 


Ctf/A— CH^O^ y< 


OH 


o^\h 


Amf^/^LAfy^iNm J 


^^mr^riAM/z^a- tNsecoNos t'AA r/nt ^ mcROBORf/ic/i flamb resr. 

Molecular equations depicting ion-exchange reactions with CaClt 

These hypotheses would explain also the instability of some phosphated 
fabrics to sea water and very probably account for the loss of fireproof- 
ing qualities during laundering with ionic detergents. With strongly alka- 
lino detergents^ however^ ilio action most probably is mainly saponifica- 
tion, ic,: 

2NoOH 


Cell,- 


-CH^-Os^ / 


tHzp 




‘^No 2,M^04 

Molecular equation joi saponijication of cellulose (immonitun 
f)fiosq)hate 

Tlic prolonged heating of ammonium salts favors the formation of the 
non-ionic amide. It is hence proposed that increased stability by suitable 
curing conditions takes place as follows: 


yOH-NHs 
Cetir^CHr- 0 ^ / ^ 


Cs/fy^CHz “ NHz 

\ / 

— / \ 

o' 


CSLLi/LOSe OfA^fPO pHOSFHArS 
( CSLLt/LOSe PHOSPHAMAre) 

M olecular equatioti for formation of cmide on heating via dehydration. 
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This latter structure should be stable to media such as sea wate’ 
ionic laundering conditions, etc., but still should bo susceptible to s 
fication by strong alkali. 

By appropriate formulation of the treating solution and by ad' 
curing conditions the tendency towards ionic reactions of the type 
tratecl above may be decreased, quite appreciably. Besides the amie 
mation as previously discussed, there exists the possibility of causing 
condensations to occur with the nitrogen salt radical to render it inai 
Furthermore, the use of more complex amines or amides to incren 
molecular size of the side group should also decrease diffusion anc 
rates of exchange. These types may be illustrated as: 

0 

0 

Type jormula jor complex 
celluloae phosphate aimdes 
and amines. 





where 72 may be considered as an — N — C~ complex. The inci 
nitrogen to phosphorus ratio in the more permanent fabrics discusi 
the following sections illustrates this behavior* 

The nitrogen base used in the treatment controls the type of nit 
salt of the cellulose ester, However, since the curing conditions ma} 
be above dissociation and condensation temperatures, the rcsiiltnn 
may not be that of the original base. For example, in processes inv< 
urea, the following proceeds during curing: 

NH 2 CONII 2 — ^NUjCONIICONTI, 4* KTI, 

Thus wo have the possibility for formation of either the urea, biui 
ammonium salt. Moreover, in complex systems involving several I 
the number of possibilities are enormous and the system becomes 
complicated. Further complications are introduced when one considc 
number of possible combinations and condensations which can ore 
heating, say, urea and guanidine in the presence of anhydrous j)hos] 
acid. Moreover, on the final washing of the cured fabric, ion excliang 
occur and in the limit the final structure will probably be dctormiiK 
the most stable of the salts present and its coiicciitralion at the 
surface. 


(d) Tho. Reaction M edium 

To carry out the reaction at the temperature required for the ester 
tion a medium is necessary. The requirements for this arc that it si 
be a solvent for the acid component and a swelling agent for the cclh 


Ji, UUHAtShm TKISATMILISTi:> 


That is, it should distend the disordered regions of the network to an ex- 
tent at least equal to that produced by water and transport the esterifica- 
tion agent into the fiber. The medium should be fluid in the anhydrous state 
at temperatures above 140° C. and as far as possible should be chemically 
inert towards cellulose. Moreover, it should not decompose readily at cur- 
ing temperatures to give highly basic or acidic substances for obvious 
reasons. The substances which come closest to satisfying all these require- 
ments are the weak nitrogen bases with strong hydrogen bonding groups. 
These groups must be stronger than the mutual attraction between the 

cellulosic hydroxyls which naturally leads to the choice of the ^0=0 
and — NHg radicals. Thus the reaction proceeds in the presence of form- 
amide, acetamide, urea, biuret, dicyandiamide, or melamine. Substitu- 
tion products of these weak nitrogen bases may be used as media pro- 
vided the substitution does not destroy or reduce their hydrophilic or 
hydrogen bonding power. Halogen, alkyl or aryl substitution products ap- 
pear to be unsatisfactory as exemplified by the relatively poor performance 
of methyl urea. Moreover, the weak basic character of the media should 
not be altered by the introduction of amino or hydroxy groups as, for in- 
stance, in imino-urea (guanidine) which develops strong basic character- 
istics in the process. 


(e) The Reaction Buffer 

The esterification appears to proceed most satisfactorily under acidic 
concUtion.s, but these arc also the conditions under which hydrolytic 
degradation ensues with unfavorable strength losses. Moreover, as pointed 
out in Chapter II, in the alkaline range oxidative processes occur which 
are equally detrimental to the physical properties of the final product It is 
obvious therefore that the reaction should be carefully buffered at opti- 
mum conditions which favor a sufficiently rapid e^^torification. with a 
mmimiim degradation. Of all the substances which appear to protect 
cellulose at high temperatures, urea appears to be the mo'^^t satisfactory. 
Furthermore, the system 

urea phosphate urea + H3PO4 

It 

3H+ + 

assumes a pH in the presence of excess urea of such a value that the ideal 
is closely approximated. This buffer appears to have a wide concentration 
range of fairly constant acidity and also has a favorable tolerance to 
temperature variations. Similar conditions result in some of the other 
media discussed above, but urea appears to be the best. For example, sub- 
stantial changes may be made in the treating solution containing urea 
without appreciably altering the solution pH or the cured cloth pH. How- 
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ever, when similar changes are made in a system involving giinni 
wide variations in pH occur, and if the guanidine is in excess tlic soh 
may become so decidedly basic that esterification is markedly rotn 
and degradation accelerated. 

However, it is advantageous to employ certain of the stronger nilr 
bases in conjunction with an excess of a weaker buffering base. Tlnif 
system 

guanidine carbonate -y guanidomum+ + HCOr ryr-^: OII~ -|- COj 

is also buffered by excess urea at a pH slightly higher than llmt occur 
in the absence of the guanidine carbonate. Tlie mixed system sooms ti 
preferable from the standpoint of tolerances in reaction control and 
rability of the products. Similar behavior is exhibited by diliydn 
guanidine, guanylurea, aminoguanidine and biguanido. However, k 
these are all strong bases they are limited to use in tl)c presence ol 
excess of a buffer such as urea. When such mixed sysloms are used 
resulting ester exists principally as the salt of the stronger base, .si 
nitrogen to phosphorus ratios are increased. The complexity and sln))i 
of these salts favors durability and the products are loss siiscejitibit 
ion-exchange during leaching and laundering, 


b. Laboratory Impregnations 
Robert W. Little 

In the preceding section an attempt lias been made to accnmini. 
reader with the underlying principles governing the effectiveness and 
manence of the urea -phosphate type of flameproofing treatment. 'Pbo 
scnption of actual laboratory investigations contained in (he follov 
pages serves to illustrate and substantiate the theoretical con.siderali 
It should be borne in mind that the fundamentals considered are eciii 
applicable regardless of the specific nature of the acid or amide einpio 
in any particular instance. 

Reaction Components. Considering the simplest possible systen 
mixture of urea and phosphoric acid, it may be well to review briefly 
primary function of each of the components. As indicated in iirevious ; 
tions, the flaineproofing ingredient in these systems is the inorganic ii 
or ite ammonium salt. Ultimately the effects may be traced lo the aeii 
acid anhydride itself. The amide or related compound included is intern 

rip! V” ^ I’eaction lietwccn tlic two s( 
reactants and function in both the reduction of the tendering whicli acoc 

r««i=T f u * increase the permanence of the treatment. The flan 

the daTa otSeT or " components arc demonstrated 

data of Table 3. Obviously, urea by itself has no significant effect ur 
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Table 8. Performance of the Separate Components of the Urea-Phospliate Treatment 
(Vertical^Bimsen Flame Test) 


Material 

Add-On 


Afterflame 

Afterglow 

Char Length 

Added 

% 

A/kertrentment , 

aeo. 

fiCC. 

in. 



air dried 

26 

no 

C.B.* 



leached 30 min., tap water 

26 

80 

C.B. 

Urea 

14,6 

cured 15 min., 160° C 

27 

91 

C.B. 



cured and leached 

24 

90 

C.B. 



air dried 

0 

0 

3,7 

Phosphoric 

14.8 

leached 30 min., tap water 

26 

6 

C.B. 

Acid 


cured 16 min,, 160° C 

, 0 

1 

3.5 



cured and leached 

14 

0 

B.E.** 



air dried 

0 

0 

3.2 

Urea: 


leached 30 min., tap water 

26 

40 

C.B. 

Phosphoric 

12,5 

cured 15 min., 160° C 

0 

0 

3.9 

Acid (1 : 1) 


cured and leached 

0 

0 

4.4 


* C.B. — Completely burned. 

** B E. — Burned to the end. 

the resistance of the fabric to either afterflaming or afterglow. Ortho- 
phosphoric acid alone is an effective flaineproofing agent but cannot be 
cured into the fabric to produce a permanent retardancy. An equal mix- 
ture of the two, on the other hand, imparts a high degree of flameproofnosjj 
to tlic fabric which, when cured, is resistant to leaching. 

The inclusion of additional components in the formula is intended to 
enhance the permanence of the retardancy and prevent, insofar as possible, 
tlie loss of fabric strength. The data presented in Table 4 show that the 
acidity of the impregnating solution is reduced practically to neutral by 
the addition of ammonium hydroxide. It is apparent, liowever, that the 
pH of tlic treating mixture is not the governing factor in the strength loss 
which occurs. The loss in strength with an initial solution pH of 1.5 is not 
a])prcciably greater tlian that occurring when the solution has a pH of 
8 3. Til e deterioration of fabric strength is therefore closely associated with 
the actual reaction between cellulose and phosphoric acid. Apparently the 
majority of the loss in strength occurs within the first few minutes of the 
curing period. Continued curing beyond this point does not produce cor- 
responding reduction in fabric strength but, as will be seen sliortly, is 
essential in bringing about the salt formation and cross linkage required 
for permanence. The addition of formaldehyde does exert some protective 
action on the strength characteristics, which is due at least in part to the 
formation of a urea-formaldehyde resinous coating. Coincident with the 
gain in residual strength, however, is a reduction in the ability of the 
treated fabric to resist the ion-exchange tendencies of solutions containing 
alkali or alkaline earth ions. As seen in Figure 3, increasing the amount 
of formaldehyde in the impregnating bath appreciably reduced the re- 



Table 4. Effect of the Addition of Ammonium Hydroxide and Ponnaldehyde in Preventmg the Loss of Fabric Strength During 
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sistance of the treated fabric to leaching in calcium chloride solutions. 
This might be attributed to a competition between the formaldehyde and 
phosphoric acid or cellulose phosphate ester for the urea available. The 
more of the amide that is tied up by the formaldehyde present, the less 



Figure 3, Effect of the addition of 
formaldehyde on the permanence of 
urea-phosphate treated fabrics. (The 
curves are for different ratios of urea: 
formaldehyde.) 


is available for the formation of amido-type derivatives of the cellulose 
phosphate. 

Fabric Degradation^ Further evidence that the strength loss accom- 
panying the flaincproofing treatment is attributable to the combination of 
cellulose with the acid added is furnished by the data of Table 5. Expo- 


Tabic 5. Effect of Time of Cure Upon the Tensile Strength of Fabiic TioaU'd w-iih 

Urea-Phosphonc Acid 


Cure Tmie 
Mm. (it 140*» C. 

Untreated 0 

16 

30 

46 

60 


Warp TeiiHilr Sliongtli 
lbB./ici. Cl-mch alnjj iphi) 

113 

101 

i07 

103 

112 


Treated 2 

4 

6 

8 

10 

15 


70 

75 

72 

G8 

01 

00 


sure of untreated fabric to the same curing conditions produces no sig- 
nificant decrease in the tensile strength. In this case it is apparent that, 
although the majority of the tensile loss suffered occurs in the first two 
minutes of the curing period, prolonging the exposure progressively de- 
grades the fabric though at a much slower rate. 

Resistance to Ion-Exchange, As emphasized in the preceding funda- 
mental considerations, the ion-exchange phenomena are of vital impor- 
tance with respect to this type of flameproofing process. This is readily 
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illustrated by a series of experiments of the type summarized in Table 6, 
showing the ease with which the amido salts of the cellulose-phosphate 
ester may be destroyed by leaching in high concentrations of sodium, 
calcium or magnesium ions. That the reaction involved is truly an ion- 
exchange is further substantiated by the recovery of flameproof character- 
istics when the ammonium salt of the ester is formed by leaching the 
impoverished fabric in a solution of ammonium chloride. The proof of the 
actual removal and re-addition of nitrogen is offered by the analytical 
data recorded in Table 7. The nitrogen content of the fabric is reduced 


Table 7. Changes in Composition of a Commercial Urea-Phosphate Type Fabric 
Produced by Ion-Exchange Reactions 


Successive Treatments 

Nitrogen Content 
%N 

PhoaphorouB Content 
% HjPOi 

Molar Ratio 
N : H8PO4 

None 

30-min. boil in 5 % cal- 
cium chloride, 15-min. 
cold water leach, dried 

2.23 

8.97 

1.78 

15 min. at 100° C. 

30-min. boil in 5 % am- 
monium chloride, 15- 
min. cold water leach. 

0.48 

7.39 

0.45 

dried 15 min. at 100° C. 

1.21 

7.07 

1.21 


to practically one-fifth by the leaching in calcium chloride solution. Sub- 
sequent formation of the ammonium salt does not rebuild the nitrogen 
content to its former value but does replace sufficient nitrogen to raise 
the N/H3PO4 ratio above 1. The stability of the phosphate linkage to 
cellulose is demonstrated by the extent to which the phosphate content 
is retained throughout the leaching treatments. The resistance of the 
treated fabric to ionic transfers has been stated to be proportional to the 
amount of urea present in the impregnating solution and the extent to 
which it is converted to biuret, cyanuric acid and the melamines. Inves- 
tigations of the influence of the urea: diammonium phosphate ratio in the 
solution upon the permanence of the resulting treatment illustrate this 
point. Fabric specimens impregnated with mixtures of these two materials 
in varying ratios were air-dried and then cured for 15 minutes at 150'’ C. 
For the sake of simplicity these treated fabrics are termed UDAP 
fabrics, employing a contraction of the components urea and diammonium 
f phosphate. The results of this series of experiments are presented in 

Table 8 showing the relative strengths of the treated fabrics and their 
flameproofness after exposure to leaching conditions of varying severity. 
In this case, the strength of the fabric is only very slightly improved by 
incorporation of greater amounts of urea in the mixture. The effect upon 
the resistance to exchange with calcium ion is very apparent, however, 
and only with urea: phosphate ratios in the order of 4.4:1 molar, is the 
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Table 8. Effect of Increased Eatios of Urea : Diammonium Phosphate on the Resistance 
of UDAP Fabrics to Ion-Exchange 
(45°-Microhumer Flame Test) 


Molar Ratio 

Urea: 

Diammonium Phosphate 

Warp 

Tensile Strength 
lbs. /in. (strip)*** 

Leaching 

Solution 

After- 

flame 

see. 

After- 

glow 

sec. 

Char Area 
in 2 

0:1 

— 

Cold water 

51 

0 

C.B.’^ 

0.22 : 1 

52 

Cold water 

46 

0 

C.B. 



Hot water 

72 

0 

C.B. 

0.44 : 1 

69 

Cold water 

0 

0 

4.6 



Hot water 

40 

0 

B.E.** 

1.1 : 1 

66 

Cold water 

0 

0 

2.4 



Hot water 

0 

0 

4.1 



1 % Calcium chloride 

34 

0 

B.E. 



2.5 7o Calcium chloride 

57 

0 

B.E. 



5.0% Calcium chloride 

. 63 

7 

B.E. 

2,2: 1 

59 

Cold water 

0 

0 

2.4 



Hot water 

0 

0 

3.6 



1 % Calcium chloride 

0 

0 

4.8 



2.5% Calcium chloride 

0 

0 

5.1 



5.0% Calcium chloride 

33 

0 

B.E. 

3,3:1 

61 

Cold water 

0 

0 

2.2 



Hot water 

0 

0 

3.6 



1 % Calcium chloride 

0 

0 

3.9 



2.5% Calcium chloride 

0 

0 

4.1 



5.0% Calcium chloride 

3 

0 

3.9 

4.4 : 1 

62 

Cold water 

0 

0 

2.2 



Hot water 

0 

0 

2.3 



1 % Calcium chloride 

0 

0 

3.0 



2,5% Calcium chloride 

0 

0 

3.5 



5.0% Calcium chloride 

0 

0 

3.6 


* C.B. — Completely burned. 

** B.E. — Burned to the end. 

*** Tensile strength of untreated fabric = 100-130 Ibs./in. 


treatment capable of resisting immersion in the calcium chloride so- 
lution. With approximately a 1:1 molar ratio the fabric is just able to 
withstand a 30-minute immersion in boiling water. It is apparent, there- 
fore, that in order to achieve permanent flameproofness it is not sufificient 
that there be only enough of the amide present to form a urea-phosphate 
salt but that an excess must be available to permit polymerization to 
cyanuric acid and melamine derivatives. Further reason for requiring an 
excess of urea is the loss which is incurred due to volatilization during the 
curing process. 

Effect of Other Acids and Amides. According to fundamental con- 
siderations either of the components of the urea-phosphate system may 
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be replaced by materials of similar chemical nature. Substitutions of urea 
have been made using higher molecular weight amides such as dicyandi- 
amide and the dicyanoguanidines. Similarly, orthophosphoric acid and its 
ammonium salts have been replaced by pyrophosphates, phosphamates 
and sulfamates. The theoretical considerations are similar in each case 
but the actual conditions required for effective treatment may vary widely. 
To serve as an illustration, data on a series of fabrics treated with urea- 
phosphate, urea-sulfamate, urea-sulfamate-phosphate and dicyandiamide 
phosphate have been assembled in Table 9, In each case the fabric speci- 


Table 9. Effect of Replacement of Urea and Phosphate with Other Similar Compounds 
(45°-MicrobuTner Flame Test) 


Treating 
Mixture 
% by Wt. 

Solution 

Cone. 

% 

Warp Successive 

Tensile Strength Leaching 

lbs. /in. (atrip)*** Treatments 

Add- 

On 

% 

After- 

flame 

sec. 

After- 

glow 

sec. 

Char 

Area 

in 

Urea : 



Cold water 

15.0 

0 

0 

3.5 

Diammonium 



Hot water 

11.6 

0 

0 

3.8 

Phosphate 

46 

63 

30 min., sea water 

— 

3 

0 

3.9 

(2:1) 



60 min., sea water 

— 

3 

0 

5.2 




90 min., sea water 

— 

28 

0 

6.8 

Urea : 



Cold water 

9.8 

0 

0 

2.5 

Ammonium 



Hot water 

8.0 

0 

0 

4.5 

Sulfamate : 

46 

67 

30 min., sea water 

— 

43 

250 

B.E.* 

Diammonium 



60 min., sea water 

— 

46 

550 

B.E. 

Phosphate 
(20 : 7 : 3) 



90 min., sea water 

— 

48 

700 

B.E. 

Urea : 



Cold water 

7.3 

27 

0 

B.E. 

Ammonium 



Hot water 

4.8 

40 

600 

B.E. 

Sulfamate 

46 

87 

30 min., sea water 

— 

63 

>300 

B.E. 

(2:1) 



60 min., sea wator 

— 

58 

>300 





90 min., sea water 

~ 

63 

>300 

C.B. 

Dicyandiamide: 



Cold water 



0 

0 

2.8 

Diammonium 



Hot water 

— 

0 

0 

3,9 

Phosphate 

46 

_ 

30 min., sea water 

— 

— 

— 

— 

(2:1) 



60 min., sea water 

— 

— 

— 

— 




90 min., sea water 

— 

— 


— 

Dicyandiamide: 



Cold water 



0 

0 

3.0 

Diammonium 



Hot water 

— 

0 

0 

3.8 

Phosphate 

36.4 

79 

30 min., sea water 

— 

65 

0 

B.E. 

(1:1) 



60 min,, sea water 

— 

68 

0 

B.E. 




90 min., sea water 

— 

70 

0 

B.E. 

Dicyandiamide : 



Cold water 



0 

0 

3.1 

Diammonium 



Hot water 



0 

0 

3.4 

Phosphate 

30.8 

83 

30 min., sea water 

— 

43 

0 

B.E. 

(1:2) 



60 min., sea water 

— 

47 

0 

B.E. 




90 min., sea water 

— 

43 

0 

B.E. 


* B.E. — Burned to the end. 

** C.B. — Completely burned. 

*** Tensile strength of untreated fabric = 100-130 Ibs./in. 


k 
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mens were cured for 15 minutes at 140® C. These curing conditions are 
sub-optimum but serve in this instance to better illustrate the differences 
in permanence encountered. It is apparent that the substitution of ammo- 
nium sulfamate for the phosphate is advantageous in the prevention of 
tendering but that the retardant is not as readily cured into the fabric and 
as a result tends to produce low add-on fabrics possessing a much lower 
degree of permanence. The same is true of the mixture wherein dicyandi- 
amide replaces urea in conjunction with diammonium phosphate. In order 
to achieve comparable effectiveness and permanence with these substitu- 
tion mixtures it is necessary to increase the severity of the cure with respect 
to the time or temperature or both. This is further illustrated by the data 
of Table 10, comparing the effect of the time of cure upon the add-on and 


Table 10. Effect of Time of Cure Upon the Permanence and Strength of Urea-Phosphate 
and Urea-Sulfamate Treated Fabrics — Sea Water Resistance 
{J^5°‘MicrohumeT Flame Test) 


Treatment 

Cure 

Time 

min. 

Add- 

On 

% 

Warp 

Tensile Strength 
lbs. /in. (strip)*** 

Time in 
Sea Water 
min. 

After- 

flame 

sec. 

After- 

glow 

sec. 

Char 
Area 
in 2 

Irea : 

5 

5.1 

80.5 

0 

0 

0 

4.1 

Diammonium Phosphate; 




60 

50 

45 

B.E.* 

2 ; 1 by wt. 

46 % solution 




120 

67 

2 

B.E. 

Cured at 140® C. 

10 

14.1 

66,5 

0 

0 

0 

2.0 





60 

38 

0 

B.E. 





120 

39 

0 

B.E. 


16 

15.6 

68.5 

0 

0 

0 

2.5 





60 

2 

0 

2.8 





120 

0 

0 

2.9 


20 

16.8 

68.2 

0 

0 

0 

2,1 





60 

0 

0 

3.1 





120 

0 

0 

3.0 


25 

18.0 

62.7 

- 0 

0 

0 

2.2 





60 

0 

0 

2.9 





120 

0 

0 

2.7 


30 

19.1 

57.2 

0 

0 

0 

2.1 





60 

0 

0 

2.4 





.120 

0 

0 

2.4 


40 

20.5 

57.5 

0 

0 

0 

2.2 





60 

0 

0 

2.6 





120 

0 

0 

2.4 


50 

19.3 

60.5 

0 

0 

0 

1.9 





60 

0 

0 

2.1 





120 

0 

0 

2.2 


60 

19.4 

60.5 

0 

0 

0 

2.2 





60 

0 

0 

2.2 





120 

0 

0 

2.0 


{Continued on next page) 
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Table 10. Effect of Time of Cure Upon the Permanence and Strength of Urea-Phosphate 
and Urea-Sulfamate Treated Fabrics — Sea Water Resistance {Continued) 
{45°-Microhumer Flame Test) 


Cure Add- 
Time On 

Treatment min. % 

Warp 

Tensile Strength 
lbs. /in. (strip)*** 

Time in 
Sea Water 
min. 

After- 

flame 

sec. 

After- 

glow 

sec. 

Char 
Area 
in 2 

Urea : 5 1.6 

88 

0 

58 

185 

C.B.** 

Ammonium Sulfamate; 


60 

47 

>300 

C.B. 

2 : 1 by wt. 

46 % solution 


120 

52 

120 

C.B, 

Cured at 140'=^ C. 10 4.2 

88 

0 

38 

562 

B.E. 



60 

73 

>300 

C.B. 



120 

63 

>300 

C.B. 

16 7.3 

87 

0 

27 

0 

B.E. 



60 

58 

>300 

C.B. 



120 

68 

>300 

C.B, 

20 10,2 

88 

0 

0 

0 

4.0 



60 

53 

195 

B.E. 



120 

48 

>300 

B.E. 

25 9.9 

88 

0 

0 

0 

4.5 



60 

48 

>300 

B.E. 



120 

55 

>300 

C.B. 

30 12.3 

79 

0 

0 

0 

4.0 



60 

38 

>300 

B.E. 



120 

38 

>300 

B.E. 

40 15.8 

81 

0 

0 

0 

3.1 



60 

5 

>300 

4.5 



120 

2 

>300 

4.8 

60 18.9 

77 

0 

0 

0 

3.3 



60 

4 

>300 

4.2 



120 

0 

>300 

4.7 

60 23.5 

74 

0 

0 

0 

3.0 



60 

3 

>300 

4.6 

* B.E. — Burned to the end. 


120 

0 

152 

4.3 


** C.B. — Completely burned. 

*** Tensile strength of untreated fabric = 100-130 Ibs./in. 


permanence obtained with the urea-phosphate and iirea-sulfamatc treat- 
ments. An effective and permanent treatment is obtained with the urea- 
phosphate system on curing for 20 minutes at 140° C. Additional curing 
beyond this point does not produce appreciable changes in the add-on, 
strength or flameproofness of the fabric. With urea-sulfamate, curing for 
20 minutes at 140° C. again produces a fabric possessing good initial 
flameproofness and a residual fabric strength superior to the phosphate 
mixture. The add-on obtained is appreciably lower, however, and the effec- 
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tiveness of the retardancy is destroyed by immersion in syn'S^^^j^ean 
water. Increasing the time of cure in order to improve the 
ion-exchange, produces correspondingly higher add-ons but at the^^ESfe* ^ 
time progressively reduces the strength of the treated fabric. Curing for 
as long as 60 minutes at 140° C. does not result in a permanence com- 
parable to that obtained in the case of the phosphate with a 20-minute 
cure, in spite of the fact that the add-on is greater. In other words, it 
is very probable that the production of a comparable fabric with the urea- 
sulfamate mixture by increasing the severity of the cure conditions would 
result in a fabric of appreciably higher add-on and very nearly the same 
tensile strength. It would appear therefore that variations in the con- 


so 
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Figure 4. Fixiilion of uroa-pho.spluito on curing (180® C.). 


stitucn(s employed in order to retain a maximum amount of strength in the 
treated fabric would produce a corresponding increase in the final add-on 
or decrease in the resistance of the processed fabric to ionic transfer. In 
view of the above and for the sake of simplicity the remaining considera- 
tions will be restricted to the simple system of urea and diammoniiim 
pliosphate. 

Nitrogen to Phosphate Ratio. The changes occurring in the amount 
of material added to the fabric and the composition of the mixture are 
illustrated by the data of Table 11 and the curves of Figure 4. Progressive 
curing is shown to produce a gradual sublimation of urea and fixation of 
phosphate in the fabric. Since the phosphate represents the primary flame- 
proofing ingredient, it is apparent that in order to achieve an effective 
flameproofing treatment, the cure must be continued until the flat portion 
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Table 12. Effect of Nitrogen Content and Nitrogen : Phosphoric Acid Ratio Upon the 
Permanence of Urea-Phosphate Treated Fabrics 

Flameproofness after 

Analysis after Analysis after 2-Hr. Sea Water 

30-Miii, Water Leach Sea Water Leach (,4S°-Microburner Test) 







N 



N 

After- 

After- 

Char 


Add-On % 

% 

% 

HaPO* 

% 

1 

H 3 PO 4 

flame 

glow 

Area 

Dry 

Cured 

Leached 

H 3 PO 4 

N 

(molar) 

HaPOi 

(molar) 

sec. 

sec. 

in2 





{Cured SO min. at 140° C.) 





67.0 

34.0 

17.3 

11.1 

2.2 

1.4 

5.4 

0.49 

.58 

0 

0 

2.3 










41 

0 

B.E.* 

65.5 

32.3 

17.5 

11.6 

2.1 

1.3 

6.6 

0.61 

.59 

45 

0 

B.E. 










45 

0 

B.E. 

54.5 

27.4 

17.7 

12.1 

2.3 

1.3 

6.4 

0.66 

.69 

0 

0 

2.5 










44 

0 

B.E. 

53.7 

33.6 

16.8 

11.4 

2.3 

1.4 

6.1 

0.54 

.63 

0 

0 

2.2 










46 

0 

B.E. 

55.0 

33.4 

16.2 

11.2 

2.6 

1.6 

6.2 

0.51 

.57 

43 

0 

B.E. 










49 

0 

B.E. 

53.5 

32.4 

15.2 

11.6 

2.3 

1.4 

6.2 

0.49 

.56 

60 

0 

B.E. 










48 

0 

B.E. 





{Cured 15 min. at 180^ C.) 





47.2 

20.0 

15.9 

11.5 

2.3 

1.4 

8.1 

1.0 

.85 

38 

0 

B.E. 










0 

1 

2.5 

47.0 

19.6 

15.9 

10.6 

2.2 

1.4 

8.5 

0.9 

.77 

0 

2 

2.5 










0 

1 

2.4 

47.5 

19.8 

16.5 

10.4 

2.9 

1.9 

9.5 

1.0 

.72 

0 

1 

2.6 










0 

0 

2.8 

48.2 

20.3 

16.3 

11.1 

2.6 

1.6 

9.2 

0.9 

.71 

0 

0 

2.5 










0 

0 

2.7 

48.3 

20.4 

16.6 

10.4 

2.4 

1.7 

9.4 

1.0 

.73 

0 

1 

2.4 










0 

1 

2.6 

46.6 

19.9 

16.6 

11.7 

2.4 

1.4 

9.2 

0.9 

.68 

38 

0 

B.E. 










39 

0 

B.E. 





{Cured 10 min. at 190° C.) 





49.3 

18.5 

14.4 

12.6 

2.1 

1.2 

6.9 

1.0 

1.08 

0 

0 

2.8 










0 

0 

2.5 

49.0 

18.0 

14.2 

9.5 

2.1 

1.6 

6.9 

1.0 

1.08 

0 

0 

2.8 










0 

0 

2.6 

50.4 

19.1 

14.9 

9.5 

2.3 

1.7 

6.7 

1,2 

1.30 

0 

0 

2.8 










0 

0 

2.5 

49.7 

18.1 

14.5 

9.5 

2.3 

1.7 

6,3 

1.0 

1.11 

0 

0 

2.8 










0 

0 

2.5 

49.3 

16.6 

14.4 

12.0 

2.3 

1.3 

6.8 

1.1 

1.12 

0 

0 

2.6 










0 

0 

2.6 

49.1 

16.7 

14.5 

12.2 

2.4 

1.4 

6.2 

1,0 

1.12 

0 

0 

2.7 

★ ■ 

B.E. — Burned to the end. 
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of the add-on or phosphate content curves have been reached, or until a 
maximum fixation of phosphate has been accomplished. As shown by the 
flame test data of Table 11, however, this insures an adequate initial 
flameproofness but does not guarantee a permanent retardancy. The phos- 
phate content alone does not repi*esent the governing factor in the resist- 
ance of the fabric to leaching action. Many of the fabrics showing poor 
resistance to ion exchange contain the required amount of phosphate, 
which appears to be in the order of 9 to 10%. As previously discussed, the 
permanence of the treatment is more dependent upon the degree of salt 
formation and the extent of the polymerization and cross linkage of the 
amide. The permanent flameproofness, therefore, should be proportional, 
not to the phosphate content, but rather to the nitrogen to phosphate ratio. 
This is well illustrated by the data presented in Table 12. When the cure 
is insuflicient to produce the required fixation of the nitrogen-bearing com- 
ponent, the sea water leach results in appreciable loss of nitrogen and the 
N/H3PO4 ratio is reduced from approximately 1.4 to the order of 0.63. 
In the majority of cases these treated fabrics lose their flame-resistant 
characteristics at the same time. With an adequate cure, on the other hand, 
the N/HjjPO^ ratio is reduced only slightly in the course of the leaching 
treatment. In these cases, where the residual N/H3PO4 ratio remains 
above 1, the fabrics retain their flame-resistant properties even though the 
add-on is appreciably lower. These data clearly indicate that the perma- 
nence attained is practically unrelated to the phosphate content once the 
minimum requirement of 6-7% has been satisfied. 

Uniformity of Treatment. It has been postulated in the past that the 
added ])li()Hi)hate tends to concentrate preferentially in the yarns of lower 
twist. This would lead to a preponderance of phosphate in the filling 
threads. In an attempt to substantiate or repudiate these claims, a series 
of treated fabrics were tested as to the phosphate content of the warp and 
fill threads. The analytical data of Table 13 indicate that no such prefer- 
ential fixation occurs, the phosphate being uniformly distributed through- 
out tlic fabric. In some cases the use of heavily sized fabrics did make it 
difficult to obtain a uniform distribution of the flameproofing mixture. 
This, too, would tend to produce a higher phosphate concentration in the 
filling threads since the warp is generally more heavily sized. This could 
not be completely obviated even by the use of effective wetting agents. It 
is preferable, therefore, with this type of flaineproofing treatment, which 
is so greatly dependent upon adequate penetration of the fabric, to use 
cloth which has been rendered highly absorbent by a preliminary desizing 
treatment. 

Optimum Curing Conditions. In an attempt to fix the variables of 
the curing process in the urea-diammonium phosphate flameproofing sys- 
tem, an extended series of experiments were conducted in which a great 
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Table 13 . Distribution of Phosphate in the Warp and Filling Threads of Treated Fabric 


Cure Time 
min. 

Weight Ratio 
warp /filling 

% HaPO^ 
warp filling 

H3PO4 Ratio 
warp /fill 
(by^weight) 

HaP 04 Ratio 
warp /fill 
(by area) 

2 

1.42 

3.6 

3.3 

1.09 

1.55 


1.32 

3.4 

2.6 

1.30 

1.72 

3 

1.28 

7.5 

8.2 

0.92 

1.17 


1.28 

7.1 

6.8 

1.04 

1.33 

4 

1.34 

7.7 

7.5 

1.02 

1.37 


1.38 

8.4 

7.7 

1.09 

1.60 

5 

1.35 

8.8 

8.6 

1.02 

1.38 


1.38 

9.4 

5.7 

1.65 

2.28 

6 

1.46 

9.5 

8.8 

1.07 

1.57 


1.37 

9.5 

9.3 

1.02 

1.40 

7 

1.31 

8.7 

8.5 

1.02 

1.34 


1.28 

8.7 

8.4 

1.03 

1.32 

8 

1.36 

10.0 

7.8 

1.28 

1.74 


1.29 

10.0 

8.6 

1.16 

1.50 

9 

1.33 

10.0 

8.9 

1.12 

1.49 


1.35 

9.7 

8.1 

1.20 

1.62 

10 

1.31 

10.8 

10.1 

1.07 

1,40 


1.40 

10.3 

9.6 

1.10 

1.52 


* Regular 8.5 oz. herringbone twill treated with a 46% solution of urea: diammonium 
phosphate (4.4 : 1 molar) containing 0.15% turkey red oil; cured at 180° C. and leached 
for 30 minutes in cold water. 


many specimens of herringbone twill were cured at various temperatures 
for different lengths of time and studies made of the resistance of the fab- 
ric to sea water leaching and laundering and the tensile strength of the 
treated fabric. The number of specimens employed for any one set of 
curing conditions varied from 5 to 30, depending upon the consistency of 
the results obtained. In essence, the treating process consisted of immers- 
ing in a 46% solution containing urea and diammonium phosphate in the 
ratio of 2 to 1 by weight, or 4.4 to 1 molar. The fabric was then squeezed 
to a wet pickup of approximately 100%, air-dried, cured, washed in hot 
and cold water and finally air-dried. The effect of cure time and tempera- 
ture upon the resistance of the treated fabric to the sea water leaching 
test is summarized in Table 14. It was possible as a result of these inves- 
tigations to determine the minimum times of cure required at each cur- 
ing temperature. In Table 15 a similar set of data are presented for the 
resistance of the treated fabric to laundering in 0.5% G.I. soap. Com- 
parison of the two series will indicate that the sea water leaching test is 
a more severe criterion of the permanence of the treatment than six laun- 
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Table 14, Effect of Cure Time and Cure Temperature Upon the Resistance of UDAP 
Fabric to a 2-Hr. Leach in Sea Water 
(4^°-Microhurner Test) 


Cure Temp. 

® C. 

Cure Time 
min. 

Add-On 

% 

Afterflame 

sec. 

Afterglow 

sec. 

Char Area 
in 2 

150 

10 

— 

39 

0 

B.E.** 


16 

— 

17 

0 

3.2 


16 

17.0 

0 

0 

3.2 


18 

16.9 

19 

0 

3.5 


20 

16.7 

0 

0 ’ 

2.8 


22 

13.9* 

19 

0 

3.5 


24 

13.7* 

44 

0 

B.E. 


25 

15.9 

0 

0 

2.6 

160 

11 

16.7 

19 

0 

3.3 


13 

16.7 

0 

0 

3.0 


15 

15.5 

0 

0 

3.2 


20 

16.1 

0 

0 

3.2 


25 

15.9 

0 

0 

3.0 

170 

8 

16.7 

0 

0 

3.1 


10 

16.6 

0 

0 

2.7 


12 

16.2 

0 

0 

2.8 


15 

— 

0 

0 

2.4 

180 

4 

12,7 

42 

0 

B.E. 


6 

16-7 

14 

0 

3.1 


8 

15.6 

23 

0 

3.3 


10 

16.6 

14 

0 

3.2 


12 

16.4 

0 

0 

2.5 


15 

15.8 

0 

0 

2.8 

190 

4 

16.1 

15 

0 

3.4 


6 

17.3 

0 

0 

2.7 


8 

16.9 

0 

0 

2.7 


10 

16.4 

0 

0 

2.5 


12 

15.1 

0 

0 

2.9 

200 

1 

1.5 

53 

60 

B.E. 


2 

3.4 

46 

0 

B.E. 


3 

15.6 

1 

0 

2.6 


4 

14.0 

43 

0 

B.E. 


5 

17.0 

0 

0 

3.0 


6 

15.7 

0 

0 

3.0 


* InsuITicicnt add-on for permanent flameproofing. 
** B,E. — Burned to the end. 


derings in G.I. soap. In either case it is apparent that the permanence of 
the treatment shows the customary improvement with an increase in either 
the time or temperature of cure. The corresponding variation in the resid- 
ual strength of the fabric is shown in Table 16. As previously indicated, 
working at odds with the permanence obtained, the strength is progres- 
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Table 15. Effect of Cure Time and Cure Temperature Upon the Resistance of UDAP 
Fabric to Laundering in G.I. Soap 
(46'^-Microhurner Test) 


Cure Temp. 

Cure Time 

No. of 

Afterflame 

Afterglow 

Char Area 

“G. 

min. 

Launderings 

sec. 

sec. 

in» 

140 

20 

1 

0 

0 

2.4 



3 

0 

0 

2.3 



6 

44 

0 

B.E.* ' 


30 

1 

0 

0 

2.4 



3 

0 

0 

2.3 



6 

41 

0 

B.E. 


40 

1 

0 

0 

2.5 



3 

0 

0 

2.4 



6 

0 

0 

2.1 

160 

15 

1 

0 

2 

2.7 



3 

0 

0 

2.9 



6 

0 

0 

2.6 


20 

1 

0 

0 

2.6 



3 

0 

0 

2.8 



6 

0 

0 

2.6 


25 

1 

0 

0 

2.6 



3 

0 

0 

3.0 



6 

0 

0 

2.5 

180 

10 

1 

0 

2 

2.6 



3 

0 

0 

2.3 



6 

0 

2 

2.1 


12 

1 

0 

0 

2.6 



3 

0 

0 

2.5 



6 

0 

2 

2.3 


14 

1 

0 

2 

2.6 



3 

0 

0 

2.0 



6 

0 

2 

2.2 

190 

4 

1 

0 

0 

2.5 



3 

0 

0 

2.4 



6 

0 

0 

1.9 


6 

1 

0 

2 

2.7 



3 

0 

0 

2.3 



6 

0 

2 

2.1 


8 

1 

0 

0 

2.6 



3 

0 

0 

2.3 



6 

0 

3 

2.1 

200 

4 

1 

0 

0 

2.6 



3 

0 

2 

2.3 



6 

0 

4 

1.9 


5 

1 

0 

2 

2.7 



3 

0 

2 

2.2 



6 

0 

3 

2.1 


6 

1 

0 

0 

2.7 



3 

0 

2 

2.3 



6 

0 

3 

1.9 


* B.E. — Burned to the end. 
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Table 16. Variation of Fabric Strength with Time and Temperature of Cure 
{Uinch Raveled Strip Test) 


Cure Temp. 

Cure Time 

Warp Tensile Strength * 

® C. 

min. 

lbs. /in. 

Untreated 8.5 oz. Herringbone Twill 

131 

140 

20 

83 


30 

78 


40 

77 

150 

10 

75 


15 

70 


16 

72 


18 

73 


20 

74 


22 

74 


24 

75 

160 

11 

73 


13 

70 


15 

71 


20 

67 


25 

64 

170 

8 

69 


10 

66 


12 

65 

180 

4 

85 


6 

69 


8 

63 


10 

61 


12 

58 


14 

54 

190 

4 

71 


6 

67 


8 

55 


10 

50 


12 

50 

200 

1 

100 


2 

82 


3 

74 


4 

66 


5 

59 


6 

50 


* Average of ten specimens. 


sively degraded by increasing the intensity or duration of the curing 
period, though the majority of the loss occurs in the first few minutes of 
curing in all cases. 

It is obvious that in order to obtain the best possible fabric by this 
process, it is necessary to compromise the permanence with the loss of 
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strength suffered. Setting the resistance to 2 hours’ immersion in sea water 
as the primary requirement, the optimum conditions for the treatment are 
represented diagrammatically in Figure 5. Since it is also desirable to 
retain the maximum amount of fabric strength and, at the same time, 
keep the curing time sufficiently short to be commercially practical, the 
preferable curing conditions for this treatment were selected as 13 min- 
utes’ cure at 160° 0. 



*C 

Figure 5. Optimum curing conditions for the UDAP Process. 

In order to compare the performance of a flameproofcd fabric treated 
according to the above process with that of the other available durably 
treated fabrics, a small-scale mill run was carried out. The exact con- 
ditions specified could not be attained on the available equipment, but the 
process was essentially as follows: 


Impregnating Bath 

Urea 

Diammordum phosphate 

Tergitol 

Water 


Total volume 
Concentration 
Approximate pH 


300 lbs. 

150 lbs. 

1 lb. 

339 lbs. (41 gals.) 

80 gals. 

66 % 

8.0 
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The squeeze rolls were adjusted for an S0% wet pickup, producing a 
wet add-on of 45% from the 56.% solution. This is comparable to the de- 
sired 100% pickup from a 46% Solution. The cure was carried out for 
7 minutes, 10 seconds at 174.4^ C., which was somewhat less than the 
optimum combination desired. The treated fabric was finally washed in 
hot and cold water, dried and subjected to standard finishing processes. 

Comparisons of this treated fabric with several other durably flame- 
proofed materials are described in the following chapter, with respect to 
the performance characteristics of the fabric itself as well as the physical 
and physiological influences which might be exerted upon the wearer of a 
flameproofed garment. Identical evaluation data are also presented for a 
commercially developed fabric processed with a similar but perhaps more 
complex flameproofing mixture. 

The variables existent and problems encountered in the commercial ap- 
plication of this type of flameproofing treatment are considered in the 
following section. 

c. Industrial Processing 

William P, Hall 

Extensive development has been carried out on the commercial applica- 
tion of the modified cellulose method of imparting flame-resistance * and 
substantial quantities of commercially treated materials have been pro- 
duced. 

As far as textiles are concerned the processes developed may be applied 
with equal success to loose fibers, yarns or fabrics. This discussion, how- 
ever, will deal only with the commercial application to cotton fabrics, al- 
though the processes may also be applied to cellulose rayon and protein 
fabrics. 



(2) Fabric Preparation 

Since this method of flameproofing involves a reaction with the cellulose 
it is beneficial to have the fabric in the pure form, that is, sizing and 
natural waxes and other impurities should be removed. This is usually 
accomplished by desizing with enzymes and scouring with detergents and 
caustic soda followed by washing and bleaching. The reactivity of the 
flame-retardant chemicals toward the cellulose may be further increased 
by mercerizing the fabric completely. This treatment primarily increases 
the durability of the finish to washing and leaching. 

♦ Various aspects of the developments described are covered by patent applications 
of Joseph Bancroft and Sons Co., Wilmington, Del. 
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In case the fabric is to be dyed or printed it is desirable to apply such 
processes prior to the application of the. flameproofing treatment. This 
is recommended for several reasons: first, to obtain uniform dyeings it 
is essential to distribute the dyestuff uniformly upon the fibers, and this is 
not possible after the finish has been applied ; second, the application of 
dyestuffs of good durability such as vats, naphthols, and pigments involves 
the use of strong chemical solutions having a detrimental effect upon the 
flame-resistant finish. 

It is therefore evident that printing and dyeing should be done prior to 
flameproofing and should preferably involve the use of vat and naphthol 
dyes to obtain maximum color durability. The application of the finish 
may produce a slight change in shade, this change being dependent pri- 
marily upon the type of dyestuff used. In general, however, the change is 
insignificant and a suitable range of shades may be obtained without diffi- 
culty, The use of mineral dyeings is possible but not recommended since 
the deposition of large quantities of metallic oxides and salts in the fabric 
may produce an undesirable ^^afterglow” condition. 

The dyeing with pigment mixtures containing plastic and resinous bind- 
ers is possible but not recommended, especially if the pigments are of a 
mineral character in which case an ^^afterglow’^ condition may be pro- 
duced in the finished fabric. Besides, the binders used, if they are com- 
bustible in nature, may undesirably interfere with the flame-retardant 
properties. 

A pure mercerized dyed fabric of good absorbency gives the best all- 
around results. Pretreatment with sizing materials may be practiced pro- 
vided such materials do not detrimentally interfere with the successful 
applications of the process. If protein or carbohydrate sizing materials are 
used the flame-retardant chemicals will react with these materials as well 
as with the cellulose of the fabric. However, the use of large quantities of 
such presizing materials is not desirable since the stiffness and absorb- 
ency of the fabric will be undesirably altered. 


(2) Preparation of FlameprooEng Solution 

As shown in the two preceding sections of this chapter, the composition 
of the flameproofing mixture may be varied by altering the chemical in- 
gredients or by altering the method of preparing the mixture. 

The main ingredients may be divided into two classes, namely, the 
acids and the nitrogen compounds. These may vary as previously shown 
between wide limits, but each is essential to the successful application of 
the process. 

For the same ingredients different results may be obtained by varying 
the method of preparing the mixture. For example, one or several of the 
ingredients may be fused at high temperatures and then added to the 
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mixture, or the ingredients may be divided into different sections and 
these reacted together followed by a mixing of the different sections to 
produce the final impregnating mixture. 

Acids of phosphorus, such as orthophosphoric and pyrophosphoric, are 
usually employed as well as the more complex amido phosphoric and phos- 
phonitride acids. Many nitrogen compounds, principally those containing 
a high percentage of nitrogen such as urea, guanidine, dicyandiamide, 
melamine and biuret, also find wide use, 

A suitable mixture may be prepared by mixing in the cold 1000 lbs. 
diammonium phosphate, 2000 lbs. urea and 3000 lbs. water. Another mix- 
ture is prepared by mixing together 215 lbs. orthophosphoric acid (76%), 
3000 lbs. urea, 160 lbs. guanidine carbonate and enough water to make 
100 gallons. Another mixture is prepared by reacting together at high 
temperatures 200 lbs. of orthophosphoric acid (75%) and 400 lbs. of 
urea; after cooling the following are added: 28 lbs. mill ammonia, 108 lbs. 
formaldehyde (37%), and enough water to make 100 gallons. 

Other auxiliary ingredients may be added to the mixture such as pene- 
trating agents, waterproofing agents, softeners and the like. In general, the 
use of these materials in the mixture is not recommended. 

The mixing equipment used in preparing the flameproofing mixture con- 
sists of a stainless steel tank, hooded to remove fumes, and equipped with 
a slow speed agitator and with suitable means of heating and cooling. The 
heating may be done by steam, electricity or gas and the cooling with 
cold brine or water. A jacketed steel tank using steam and cold water 
for heating and cooling is generally satisfactory. Also in the c'ase where 
very rapid cooling is desired, water will not be satisfactory and super- 
cooled brine should be employed. 

To measure and control the temperature of the mix, a thermometer or 
similar instrument should be inserted in the lower portion of the tank. 
Also, since the quantity of mixture prepared in commercial practice is 
usually determined by the final volume rather than weight, it is desirable 
to install a float type volume indicator so that the volume can be easily 
measured. 

Two mixing tanks should be available to insure a steady supply of solu- 
tion, or one mixing tank and one jacketed or insulated storage tank may 
be used. The storage tanks or mixing tanks should feed directly to the 
solution application equipment, the steel or iron feed pipes being insulated 
to prevent excessive cooling of the mixture in passing from the tanks to 
the impregnating bath (see Figure 10). 

Since the flameproofing of fabrics involves the use of concentrated 
chemical solutions the quantity of chemicals used becomes very large as 
compared with other textile processes. It is therefore necessary to insure 
sufficient storage space and the necessary mechanical equipment for the 
handling of such large quantities of chemicals. For example, processing 
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10,000 yards of fabric weighing 8 oz./yd. may require 1700 lbs. of diam- i; 

‘ monium phosphate and 2400 lbs. of urea. 

1 

(S) Treating Process 

The flameproofing solution may be applied by any of the methods well 
known in the textile industry. However, the most common procedure is to 
impregnate the fabric with the solution and remove the excess by squeez- 
ing. This procedure is referred to as ^^mangling” or “padding^’ and the 
equipment as a mangle or padder. A two-roll mangle containing a j acketed 
stainless steel box with sufficient dips to insure a thorough impregnation 
of the fabric generally serves very well, but a three-roll double dip man- !■ 
gle with a jacketed stainless steel dip box is recommended since this 
method of application insures a uniform and efficient penetration of the 
fabric. 



Courtesy of //. W. Buttcrivorth & Sons Company, Philadelphia, Pa. 

Figure 6. Three-roll micro-set mangle. 


The jacket on the bath should be steam or hot water heated to insure 
temperature control of the solution which in most cases, due to the high 
solid content, is applied at elevated temperature to prevent undesirable 
crystallization at lower temperatures. To control the temperature a 
thermometer or similar instrument should be inserted in a suitable place 
in the bath. The type of squeeze roll used in the mangle may be of steel, 
wood, husk or rubber. Brass is not recommended due to the presence of 
ammonia in some of the flameproofing solutions. For the same reason 
brass rollers should not be used in the bath. 
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The squeezing mechanism should be capable of applying a uniform 
squeeze from selvage to selvage at both high and low pressures. Mangles 
where the pressure is applied by weights or hand set screws are satisfac- 
tory but a pneumatic pressure mangle with individual cylinder pressure 
adjustment is highly recommended since the uniformity can be easily con- 
trolled and duplicated from run to run. 

The wet pickup and the solution concentration determine the quantity 
of chemicals deposited on the fabric. For a particular solution the squeeze 
on the cloth is therefore adjusted to obtain the desired quantity of chem- 
icals on the fabric. By wet pickup is meant the difference in weight be- 
tween the fabric before and after impregnation. For most applications 
75% to 100% pickup is satisfactory. 

After applying the solution, the cloth may be dried directly or it may 
be left in the moist condition for a short time. To increase speed of pro- 
duction and decrease labor cost the impregnating mangle is usually placed 
in front of the drying unit and the cloth passes directly from the impreg- 
nation to the drying without being folded or batched. 


(4) Drying 

Since the quantity of solid material deposited on the cloth is usually 
high, the quantity of water to be removed is not excessive. It usually 
averages about 50% of the solution deposited. Such drying equipment 
as hot cans, flue dryers, air-lay dryers, frame dryers, or loop dryers may be 
used successfully. The most satisfactory method of drying is obtained 
with a tenter frame where the cloth is held by clips and tightly stretched 
while drying, thus affording control of the width of the cloth. This width 
control is sometimes very important and cannot be obtained with the other 
types of drying equipment. Due to the stiffness of the dried fabric, 
especially the heavy variety, the loop and air-lay type of equipment is 
the least recommendable since the formation of loops and folds at this 
stage of the process may permanently injure the cloth. 

Since the cloth usually carries a heavy quantity of chemicals it is ad- 
vantageous while the moisture content is still high to prevent the cloth 
from passing over stationary objects such as bars or rails as the flame- 
rctardant mixture will be scraped off, resulting in an unnecessary loss of 
chemicals. This may be prevented by passing the cloth over freely rotating 
rollers, or passing it through a preliminary flue dryer where the excess 
moisture may be removed quickly while the cloth is freely suspended. 
Infrared heating equipment such as infrared lamps may also be used for 
this purpose. 

The cloth is usually quite hot and shows an acid reaction on the com- 
pletion of the drying operation. This is quite an undesirable state and to 
prevent excessive detrimental action to the fabric it is usually passed 
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directly through a cooling chamber or over cooling cans before being 
batched into rolls (see Figure 10), 

The cloth after drying and cooling is quite stiff and care should be taken 
to prevent the formation of creases and folds as this may permanently 
injure the fabric. It is therefore evident that the cloth should always be 



Courtesy of Joseph Bancroft & Sons Company, Wilminyton, Del. 


Figure 7. Commercial impregnation, and drying installation showing a continuous 
range consisting of a mangle, overhead flue dryer and tenter frame. 

wound into rolls after drying rather than folded into boxes as is often 
the practice in regular textile processing. 

(5) Curing 

The curing or aging of the impregnated and dried fabric represents one 
of the most important steps in the process. As previously described, it is 
during the curing that the combination between the cellulose of the fabric 
and the acid phosphates of the solution takes place. In many cases addi- 
tional changes also take place in the chemical ingredients themselves dur- 
ing this curing operation. 

The curing is controlled by varying the time and temperature and is 
determined primarily by the composition of the impregnating mixture, 
type of fabric and the degree of durability desired. Excessive time of cur- 
ing or very high temperatures cause undesirable changes in the physical 
properties of the fabric, especially in the tensile and tearing strength, 
although under such conditions the durability of the finish is substantially 
increased. It is therefore necessary to determine and control carefully 
the curing conditions for a particular run in order to obtain the most 
satisfactory all-around results. 
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For all practical purposes a temperature range of from 300° F. to 
350° F. is satisfactory with the time varying from 15 minutes to 3 min- 
utes. As an average, using medium and heavy weight cotton fabrics, a 
time of 7 minutes and a temperature of 335° F. give good results. 

The temperature range of curing is obtainable with standard textile 
drying and curing equipment but the time of curing is excessively long 
for regular equipment. A loop or air-lay type of dryer would be satisfac- 
tory as far as time and temperature are concerned but these machines are 
not well adapted to this part of the process as will be presently shown. 

Ordinary type drying and curing equipment not of the loop and slack 



Courtesy of Andrews and Goodrich, Inc., Boston, Mass. 
Figure 8. Gas-heated curing oven. 


type such as drying frames, super-heated drying cans, flue dryers, and 
resin curing chambers may be used with success. However, the output of 
these machines would be small using material which required a 7-minute 
cure time. The construction of super-heated cans of sufficient number or 
a frame of sufficient length to insure proper curing and a satisfactory out- 
put would be impractical and uneconomical. This leaves the flue type 
dryer or curing chamber as the only suitable equipment which will pro- 
duce the proper conditions of time and temperature and at the same time 
assure a satisfactory practical commercial output. 

Generally, this type of equipment consists of one small preheating 
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chamber followed by a larger baking chamber. The cloth is carried in 
open width over a series of rollers while hot air is being circulated around 
the cloth. In the preheating section the heated air is blown through slots 
directly onto the cloth in order to bring it quickly to the desired tempera- 
ture, while in the baking section the cloth is maintained at this tempera- 
ture for the desired length of time. 

To maintain the temperature in the curing chamber at the desired 
value, ^the air is circulated by fans through an indirect heat exchange unit 
where the heat may be supplied by steam, gas or oil. The direct heating 
of the circulating air by gas or oil burners is also practiced. The curing 
of the fabric by infrared lamps or by electronic means is not practical 
and is uneconomical. 

The cloth while in the ager is kept in open width and passes under ten- 
sion over a series of rollers at the top and bottom of the curing chamber; 
this prevents the formation of sharp creases which would seriously and 
permanently injure the fabric. The necessity of keeping the fabric from 
folding and creasing makes the use of loop and air-lay type of curing 
equipment unsuitable except for very light fabrics where the stiffness 
and weight would be small. 

The size of the curing equipment, that is, the length of cloth in the 
machine at one time, together with the length of curing time determines 
the production capacity of a given piece of equipment. For a given curing 
time of 6 minutes, for example, and with 120 yards of cloth capacity 
a production rate of 20 yards a minute may be obtained. 

The cloth is slightly acidic upon completion of curing and it is best 
that the fabric be cooled before being batched into rolls. This procedure 
will prevent any unnecessary degradation in case it is necessary to store 
the cloth for a substantial length of time before washing, 

(5) Washing and Drying 

The cloth after curing contains a large quantity of soluble material 
which it is desirable to remove in order to reduce the stiffness and return 
the fabric more nearly to its original hand and feel. To avoid the forma- 
tion of creases at this stage it is recommended that open width washing 
equipment be employed such as jigs, open width soapers and vertical or 
horizontal multiroll washers. 

In jig washing operations the cloth is passed back and forth under ten- 
sion through a water bath until the soluble chemicals are removed and is 
finally squeezed or extracted to remove the excess water. 

In the open width soaper the cloth passes under tension through a 
series of multi-dip wash boxes containing hot water, the excess water 
being removed by squeezing after each box. Any number of wash boxes 
may be employed but two to four boxes are sufficient for most fabrics. 

In the vertical or horizontal multiroll washers the cloth passes through 
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a series of squeeze rollers while clean hot water is being sprayed on the 
cloth just prior to each squeezing operation. 

It is advantageous to use hot water (180-190° F.) for the washing as it 
facilitates the removal of the soluble uncombined materials. A small quan- 



Courtcsy of H. W. B-nttcrivorth & Som Company, Philadi'iphia, Pa. 

Figure 9. Six-roll horizontal washer. 


tity of detergent may be employed but it is not necessary as a very satis- 
factory wash can be obtained by the use of ordinary hot water. 

After washing and removal of the excess water the cloth may be dried 
by any type of drying equipment previously discussed including the loop 
and air-lay type dryers. The use of a drying frame is, however, recom- 
mended as the width of the cloth may be controlled in this type of equip- 
ment. To save labor cost and speed production the washing and drying 
may be combined into one operation by placing the washing equipment 
directly in front of the drying unit and passing the cloth from the washer 
to the dryer without interruption. 

The flame-resistant fabric may be used as is or it may be given further 
auxiliary processing such as softening, waterproofing, plastic coating, cal- 
endering or sanforizing. 

2. Double-Bath Precipitation Type 
a. Fundamentals o£ Processes 
S. Coppick 

Although considerable protection is afforded by the use of certain soluble 
salts, the very temporary nature of the imparted fireproofing characteris- 
tics limits their use in clothing fabrics. The most obvious means for 
greater permanence lies in the application of insoluble salts. However, 
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Figure 10. Commercial installation for the processing of fabrics by the urea-phosphate 

type of treatment. 


aside from the technical dilBculties, certain fundamental considerations 
arise here which greatly reduce the number of possible compounds having 
fire-retarding properties. As has been pointed out in the earlier theoretical 
sections, the simple salts which impart the desired thermal properties to 
cellulose embrace those which are capable of easy decomposition at flame 
temperatures to produce either a strong alkali or a strong acid, and these 
products are directly responsible for the retardant action. The molecular 
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instability of the salts of weak acid and strong base or of weak base and 
strong acid fortunately affords numerous compounds which will undergo 
the desired thermal decompositions. However^ the needed quality of in- 
solubility is generally directly adverse to this thermal instability, the 
bonding energies which resist ionization and solution also favoring reten- 
tion of the original molecular state at elevated temperatures. Thus we 
have the effective action of the soluble ammonium phosphate and the non- 
retardancy imparted by the calcium salt. Similar radical divergence is 
exhibited in the effects of ammonium, calcium and barium sulfate and of 
sodium, calcium and barium carbonate or borate. It is at once apparent 
that retardancy will be extremely limited for the simple insoluble salts 
and will be confined to compromises in the field of the amphoteric anions 
and cations, for instance the phosphates and borates of tin, zinc, alumi- 
num and magnesium, as well as the stannates, tungstates, aluminates, etc. 

The greatest possibilities for insolubility combined with efficient fire- 
retarding qualities lie in the non-salt type, namely the easily reducible 
hydroxide or hydrated oxides of the metals whose catalytic influence is 
assumed to direct the course of cellulosic thermal decomposition as pre- 
viously shown in Chapter III. These include stannic, plumbic, ferric, 
titanic and chromic oxides as well as those of zinc, cerium, bismuth, tung- 
sten, arsenic and silicon. 

Application of both types of these insolubles to cellulose is best carried 
out by metathetical reactions within the cell wall and lumen of the fiber 
and in the case of woven fabrics at the fiber to fiber interface in the com- 
ponent yarns and in the interstices between the yarns themselves. Such 
methods provide for better distribution and location of the retardant as 
well as serving to support better permanence than the more direct process 
of attempting to pad these materials into the fabric. It appears also, as 
will be discussed more fully later, that a more active ingredient may be 
obtained by precipitations in the cellulose membrane structure. 

Characteristics of Processes. The reactions are carried out usually 
via a multi-bath process wherein the fabric is immersed in a solution of a 
soluble salt containing the desired ion or complex and then dried. The 
second medium contains the coagulant, which functions either to supply 
the ionic component required for precipitation, to change the pH, or serve 
as an oxidant. This latter medium may be either a liquid, vapor or gas, 
but in the usual case consists of an aqueous solution. The fabric is finally 
washed, further finishes applied, and dried. The simplest functional 
process involves a dual impregnation with intermediate drying which leads 
to the general designation of ^'Double Bath,” although practical applica- 
tions are sometimes considerably more complicated, multi-components 
being applied in successive stages. 

From the early development of the process by Perkin,^® numerous for- 

18 Perkin, W. H., U. S. Patent 844,042 (Feb. 12, 1907). 
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mulations have been proposed and practically all of the known insoluble 
inorganic compounds have been suggested for retardant purposes. The 
very nature of the process leads to considerable confusion since the appli- 
cation is indirect and in the majority of cases little if anything is known 
concerning the actual chemical composition of the material which is pre- 
cipitated in the fabric from the complex systems used. It is prevalently 
assumed that such compounds as stannic tungstate^ zinc stannate, etc,, 
are the chemical identities affixed to the fiber but from the variable con- 
ditions of the precipitations it is much more probable that what is actually 
obtained consists of complex and variable mixtures of the oxides, hy- 
droxides, and acids of the component metals. Furthermore since many of 
these amphoteric materials are known to exist as isomorphous mixed 
crystalline structures in a wide and continuous variety of stoichiometric 
ratios, even on fundamental grounds they are best considered as their com- 
ponent oxides, particularly in the case of the complex multi-bath formula- 
tions. At flame temperatures this is certainly the case. 

In systematic studies of the relative efficiencies of a number of in- 
soluble retardants compared with the well-known solubles, Ramsbottom 
and Snoad came to the conclusion that the multi-bath process is rela- 
tively ineffective and state that it is probable that the apparent result- 
ing fireproofed fabric is due largely to the soluble salts absorbed on the 
precipitated particles and incompletely removed by washing. The add-on 
requirements for this process are found to be particularly high in most 
cases compared with the effective but soluble borax-boric acid mixture 
(Table 17). 

Table 17. Relative Efficiencies of Various Insoluble Materials Compared With the 

Soluble Borate Mixture 

(Ramsbottom and Snoad i) 

Add-On * 


% 

Borax-Boric Acid 1:1 10 

Ferric hydroxide 25 

Antimony oxychloride 30 

Stannic oxide, hydrated 40 

Titanic hydroxide 40 

Bismuth trioxide, hydrated 40 

Zinc stannate 40 

Aluminum borate 59 

Lead peroxide 60 

Cerium hydroxide 69 

Aluminum hydroxide 70 

Chromic hydroxide 91 

Silica, hydrated 100 

Aluminum silicate 100 

Magnesium silicate 116 

Magnesium ammonium phosphate 125 


* Minimum quantity necessary to prevent flame propagation. 
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Impregnation Reactions. The chemistry of the application of the 
insoluble materials most commonly entering into flameproofing formula- 
tions is as follows: 

1. The precipitation of stannic acid, i.e,, hydrated stannic oxide, is 
usually carried out by variations of either of two general reactions which 
involve the alkaline hydrolysis of a stannic salt or the acidification of an 
alkaline stannate: 

SnCh + 4NH4OH — 4NH4CI + H2O + H2SnOa 

NasSnO, 4- (NH4)2S04 — ^ Na2S04 + 2NHa + H 2 Sn 03 

Similar neutralization of stannates with ammonium, zinc or aluminum 
acetate or even acetic acid are also conveniently used. 

2. For impregnations with ferric hydroxide, the alkaline hydrolysis of 
the chloride, sulfate or acetate suffices, as also with zinc: 

FeCU + 3NH4OH — >- Fe(OH), + 

ZnS04 + 2NH4OH — Zn(OH)2 + (NH4)2S04 

3. With alumina, precipitation involves either the acidification of an 
aluminate or the hydrolysis of the acetate: 

2NaA102 + CO 2 4* 3 H 2 O — ^ NasCOa 4- 2A1(0H)8 
AKCOOejia)* 4- 3 NH 4 OH — J- 3 NH 4 COOCH 3 + A1(0H)8 

4. In the case of impregnations with tungstic acid, the vsodium salt is 
usually acidified, while chromic hydroxide is brought down from its sulfate 
by the addition of ammonia; 

2Na2W04 + 2 CH,COOH — v 2CH,COONa 4 - 2W02(0H)2 
Cr2(S04)* 4 - 6NH4OH — ^ 2 Cr(OH)s 4 - 3(NH4)2S04 

5. Complex systems involving two or more of these reactions are preva- 
lent in the literature, and the produets are best considered as the mixed 
hydroxides rather than such compounds as stannic or ferric tungstate: 

2Na2W04 4 - SnCh + STI^O — 2NaCl -|- SnO(OH)2 + 2WO2 (011)2 
3Na2W04 + 2 PcCl 8 4 - 6H2O — ^ 6NaCl 4 - 2 Fe(OH )8 + 3W02(OH)2 
Na2W04 4 * NaaSnOj + 2(NH4)2S04 — J-2Na2S04 4 SnO(OH)2 + W02(OH)2 -{- 4 NTI 8 
SNaSnO, -f 3Na2W04 + 2Fe2(S04)8 4 - 2H2O — 

6Na2S04 4 - 3SnO(OH)2 + 3W02(0H)2 4 - 4Fc(OH)3 

It is of course obvious that the stoichiometric relations set down by the 
above equations are the ideal and are dependent primarily upon constant 
pH relationships which are seldom if ever met with in double-bath 
precipitations. The actual composition of the hydroxyl compounds laid 
down in a fabric will depend upon the concentrations and pH at the point 
location where precipitation takes place. This in turn will depend on the 
external concentration of the in-filtering second bath and the solution and 
diffusion rates of that material laid down by the first bath within the fiber. 


222 FLAMEPROOFING PROCESSES 

It is then apparent that the number of individual phases, the compo- 
sition of these phases and their relative amounts are greatly dependent 
upon the variables in the process which include concentrations, tempera- 
ture and time, as well as the presence or absence of pH controlling media 
such as added acid or base to the second bath. Each of the precipitated 
phases has a different solution tendency directly proportional to the final 
pH of the fabric before the washing procedure, so that the reversal of the 
impregnation proceeds, and the final result is an equilibrium which may 
be varied widely by suitably setting the conditions of the treatment. 

Recent Developments. A simplification of the double bath pro- 
cedure has been advanced by Hopkinson,^® wherein the primary con- 
stituents capable of forming the water-insoluble precipitate are added 
together to the fabric in an organic solvent. Apparently this solvent should 
be of sufficient hydrophilic nature to enable wetting of the cellulose and 
penetration of the constituents, but should have a low enough dielectric 
constant to prevent precipitation and hold the initial salts in solution 
molecularly. Such properties appear to be satisfied by both ethylene and 
diethylene glycol mono-ethyl ether, glycerin, acetamide, triethanol amine 
and tricresyl phosphate. The insoluble salts of zinc, aluminum, manganese 
and magnesium may be precipitated in the fiber as the borates, phos- 
phates, tungstates, etc., by first treating the fabric with an organic solution 
containing the desired ions, drying and finally subjecting the material to 
water. 

• * 

This process avoids the difSculties usually encountered in double-bath 
methods wherein variable precipitating conditions result from changes in 
concentrations, pH, solubilities and diffusion rates occurring during the 
second bath impregnation. In the organic solvent treatment the active 
ingredients are deposited uniformly throughout the fabric and arc in inti- 
mate contact. The whole of the water-insolubilizing process depends solely 
upon the inward rate of water penetration in the second bath. A typical 
example of the method involves the impregnation with a solution of zinc 
chloride and borax in a glycol solution followed by a water wash to pre- 
cipitate zinc borate. The use of the organic solvent has the added ad- 
vantage of permitting the- additions of binding resins directly to the first 
bath. 

Precipitation Conditions. In extensive experiments performed by 
the Department of Agriculture, “ the precipitation conditions appear to be 
critical factors in determining the flame resistance of treated fabrics. For 
instance when sodium stannate is precipitated with sulfuric acid rather 
than with ammonium sulfate as in the Perkin process,’-® a deposit of 

2,260,483 (July 29, 1941); U. S. Patent 2,343,186 

“Leathennan, M., U. 8. Dept, of Agriculture, Circular No. 466 (March, 1938). 
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greater flame-reducing capacity is obtained. Similar improvement is ob- 
tained via precipitations carried out with metallic sulfates such as those 
of copper, chromium, nianganese and iron. In these latter treatments an 
undetermined amount of the metallic hydroxides other than tin remains 
in the fabric. The mechanism forwarded for the advantage of acid rather 
than weak base precipitants is that the latter is strongly absorbed on the 
highly colloidial deposit and poisons its catalytic directionalization of 
cellulosic dehydration at elevated temperatures.^® 

The use of stannic oxide alone appears to have further disadvantages as 
pointed out by the British Air Ministry.^ Fabrics thus treated are ex- 
tremely sensitive to strength deteriorations in the presence of sunlight. 
However, in the case of the mixed oxides, this tendering is reduced to a 
great extent. In the experiments of Leatherman,^ fabrics exposed out- 
doors near Washington, D. C. over the months from March to September 
of 1934 were rendered useless if they contained the stannic oxide alone, 
were degraded considerably in the presence of stannic and ferric, and 
remained practically unchanged by the three-component system involving 
chromic oxide (Table 18). The most effective preserving components are 


Table 18. The Sensitivity of Fabrics to Sunlight When Impregnated With Metallic 
Oxides (6 months’ outdoor exposure) 


{Leatherman 


Treatment 

None (unexposed) 

None (exposed) 

Stannic Oxide 

Stannic Oxide + Ferric Oxide 

Stannic Oxide + Chromium Oxide 

Stannic Oxide + Ferric Oxide -h Chromium Oxide 


Average 

Breaking 

Strength 

kilo. 

Ash Content 
of Fabric 
Including Oxidea 

% 

39.3 

1.0 

24.9 

1.0 

2.0 

7.25 

12.8 

8.37 

16.7 

6.27 

24.5 

9.95 


those producing a yellow coloration to the fabric and the mechanism is 
presumed to be the absorption of the active wave lengths. 

Reduction of Afterglow. Normally metallic hydroxides, although 
producing adequate flame resistance in a fabric actually enhance its de- 
struction by fiameless combustion. The tendency towards glowing in the 
uncharred area is reduced by the application of chlorinated compounds, 
but the afterglow of charred regions is still very persistent. Recent experi- 
ments by the British ^ show that the insoluble phosphates and borates 
have little or no flame-retarding properties but inhibit afterglow. More- 
over, they are readily removed from the fabric by leaching processes. 
However, in the case of some tungstates the resistance to both flaming and 
glowing is fairly good, and the materials are not leached out too easily. 

21 “Fireproofing of Textiles.” Interim Report, Chem. Dept., Portsmouth (1945). 
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The inference is that tungstic acid functions similarly to boric and phos- 
phoric acid to inhibit flameless combustion. Systematic studies on the in- 
corporation of tungstic acid in double-bath precipitation involving 
stannic and other metallic hydroxides indicate that such is the case. In 
all flame-retarding systems of stannic, ferric and aluminum hydroxide, 
the strong glowing tendencies are reduced to either moderate or slight by 
the inclusion of tungstic acid, which appears to be capable of withstand- 
ing considerable water leaching. In the two-component systems involving 
stannic and another metallic hydroxide, the ferric seems to be the most 
efficient in its ability to increase the normal protection afforded by the tin 
alone. Moreover, only very small amounts are necessary, 1% of the iron 
being sufficient. These effects are shown in Table 19. 


Table 19. Effect of Metallic Hydroxides and Acids on the Burning Characteristics of 

Fabrics 

{Interim Report, Chem. Dept, Portsmouth 


Hydrated Oxide 

Add-On 

Before 

Burning Time (seconde) * 
After 

Leaching 

48 hrs. 

Lohh 

During 

or Acid 

% 

Leaching 

Boiling Water 

Loachiug 

Stannic 

22.5 

12 

15 

3 

Stannic -h Tungstic 

21.0 

0 

15 

5 

Ferric -f- Stannic -f 

23.0 

0 

0 

1 

Tungstic 

Aluminum Stannic 

24.0 

55 

50 

2.4 


-h Tungstic 

* Glowing small except for stannic alone. 

General Requirements. From the above and previous considerations 
of Chapters II and III, it would seem that the requirements for adeciiiatc 
flame and glow protection in these double-bath treatments arc as follows: 

1. A source of a readily reducible metallic oxide or oxide mixture. 

2. A source of either boric, phosphoric or tungstic acid. 

The oxide may be presumed to function via the chemical mechanisms 
previously forwarded to prevent afterflaming, while the acid acts as the 
glowproofing constituent via the fundamental processes set down in the 
theoretical sections. However, these requirements arc stipulated only for 
the original flameproofed fabric and do not consider the adherence and 
permanence of the ingredients. 

Durability. It is well known that the metallic hydroxides and acids 
are held very tenaciously when dehydrated at cellulose surfaces and there 
appears to be considerable evidenc;^ for interbonding of their normal 
residual attractive forces with those of cellulose and water which are 
normally satisfied through hydrogen bridges. The three-component sys- 
tem may be assumed to dehydrate as follows in the regions of cellulosic 
disorder within as well as on the external surfaces of the fiber: 
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Schematic reactions jor the dehydration of the three- 
component system: cellulose; stannic oxide; water. 


The system is practically identical with the mordanting of fabrics for 
various dyeing processes, and may be represented roughly as in Figure 11. 
Here the moist cellulose and the hydrated oxide are considered as being 
bound to water molecules through hydrogen bonds. The structures are so 


O •Hydrogen 
O •Oxygen 
Q)^Tin 


I <!K>9 

. A R f ft f i 

rxV It 5^ ^ \\\ 

????? y ? S’, i 

Figure 11, Schematic representation of the possibilities for hydrogen bonding of 
surfaces in the system cellulose-water-metallic hydroxide. 


similar that surfaces may be mutually associated through the same water 
molecule. On dehydration of the system the free fiber hydroxyls may 
cellulosate the oxide similar to the normal hydrate structure. The whole 
of the mechanism depends upon the similarity of space lattices, and the 
extent to which it will proceed will be determined by favorable inter- 
atomic distances in the oxide to permit formation of the isomorphous 
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surface structure. This postulation accounts for the strong adherence in 
the system and is very probably associated with the actual catalytic de- 
hydration of the fiameproofing action. 

To further enhance permanence via a mechanical binding of the fire- 
retarding ingredients to the fiber, resin coatings are frequently applied. 
These appear to function in the dual role of preventing emulsification of 
the particles during laundering and to decelerate the solution and diffusion 
of the ingredients in detergent media. The flameproofing constituents are 
usually not very susceptible to minor pH changes which would tend to 
reverse the reaction of their formation, i.e,: 

SnOa + 20H“ SnOa“ -f H 2 O 
SnOa + 4 H+ + 2H2O 

Thus alkali soaps and acetic acid souring normally cause only a small loss 
of flame retardancy. However, the anti-glow constituents appear to ionize 
much more readily, i.e.: 

Zn 3 (P 04)2 + 60H- 3Zn(OH)2 + 2 P 04 “ 

W02(OH)2 + 20H- WOr + 2 H 2 O 

By virtue of this, the glow retardancy is poorly retained on laundering. 


b. Laboratory Impregnations 

S, Coppick 

As has been pointed out in the preceding section, the active components 
of various double-bath formulations may be considered as a glowproofing 
acid and a flameproofing oxide or oxide mixture. To permit incorporation 
of these materials in the fabric in various combinations the simplest pro- 
cedure is to immerse the material first in a solution containing one of the 
desired radicals, preferably the alkaline salt of the desired acid grouping. 
"When thoroughly wetted out with the reagent the fabric samples arc 
passed through a wringer to remove the excess liquid so that the final wet 
weight is about twice that of the original dry fabric. The samples are then 
allowed to dry at room temperature before the second steeping in a solu- 
tion containing the acidic salt of the desired metallic oxide. Similar wring- 
ing and drying procedures are carried out prior to a final leaching treat- 
ment in running tap water to remove the excess soluble reagents. The 
third and last drying process is again conducted at room temperature, 
after which the fabric is conditioned and is then ready for comparative 
inflammability evaluation. 

A preliminary survey of the relative efficiencies of a number of combina- 
tions prepared in this manner is given in Table 20. In a few cases the 
precipitated phases are retained by the fabric in insufficient quantities to 
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Table 21. The Effect of the Precipitation Conditions in the Stannic Oxide-Tungstic Acid System 
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afford any appreciable protection, and it is only when the add-on is in the 
neighborhood of 25 to 30% that the combinations are truly comparable. 
Systems in which stannic oxide occurs as one component appear to be 
most efficient. In combination with phosphoric acid the glow retardancy is 
very good while with tungstic acid the flaming resistance is best. A com- 
promise with good flame and fair glow resistance favors the tungstic 
acid-stannic oxide formulation. ^ 

Effect o£ Precipitation Conditions. In a more detailed study of this 
system it seems that the conditions under which the precipitations are 
carried out have considerable influence on the fire resistance of the final 
fabric. The procedure of employing numerous impregnations from dilute 
solutions is not advantageous (Table 21), and usually leads to less pro- 
tection. The temperature at which the precipitation reaction proceeds also 
appears to influence the properties, lower temperatures favoring better 
protection. Table 21 also indicates that the use of a cold second bath per- 
mits a lower add-on in the final product. These conditions, however, are 
not too critical and either a single or double impregnation at room tem- 
perature results in products of similar retarding qualities. The most 
efficient afterglow protection is obtained with an excess of the tungstic 
acid component, thus favoring high concentrations in the first bath. 

Added Glow Retardants. Further improvement in glow protection is 
obtained via the incorporation of the phosphoric radical in the first bath 
as shown in Table 22. Of the number of combinations attempted, that 
involving 3% sodium pyrophosphate and 8% sodium tungstate followed 
by 8% stannic chloride seems to be the most efficient. For adequate pro- 
tection this process should be carried out twice to result in an addition of 
about 30% to the original weight of the fabric. However, although the 
treatment as applied provides the desired resistance to both flame and 
glow, its permanence to leaching or laundering is very poor. Prolonged 
immersion in tap water or even very mild washings with neutral detergents 
appreciably reduce the protective qualities of the fabric (Table 23). With 
the harsher detergents the resistance to flame and glow is almost totally 
lost, and it is to be noted that even slight reduction of the add-on below 
the original 30% causes a marked reduction of the fire resistance. 

Permanence. The relative ease with which the retardant is removed 
by leaching or laundering necessitates the additional process of coating 
the fabric with a binding material, Resins may be applied either as emul- 
sions, solutions in organic solvents or as aqueous dispersions. Table 24 
summarizes the results of overcoating fabric previously treated with the 
stannic oxide-phosphoric-tungstic acid retardant system. In a number of 
cases the glow retardancy of the fabric is destroyed even by the addition 
of the binder, while in others the resin appears to be inert. Coatings pro- 
vide various degrees of retardant retention during treatments in detergent 
media, and their efficiency is best evaluated via the number of launderings 
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necessary to cause excessive flaming or glowing. The most efficient of those 
investigated are the phenolic and melamine types, both of which enable 
the fabric to withstand 6 standard launderings in “government issue’’ 
soap without any detectable loss of protective qualities as measured by the 
45° flame test (Table 24). The quantity of the resin coating necessary for 
this degree of permanence is rather small and does not add materially to 
the total weight of the treated fabric. This is particularly true for the 
melamine type which has a further advantage of not appreciably influ- 
encing the hand of the treated fabric. 

c. Industrial Processing 

William P, Hall 

The two-bath application of chemicals to textile fabrics may, in gen- 
eral, be divided into two categories: first, application of chemicals which 
are not substantive, that is, those which do not have a natural affinity for 
the fibers; and second, application of chemicals which are substantive, 
that is, those that have a natural affinity for the fibers. The former include 
ordinary salts such as sodium chloride, potassium sulfate, sodium sulfo- 
nated tallow, etc., and the latter direct dyes, cation active softeners and 
naphthol base salts, etc. 

The successful application of substantive materials involves principles 
of techniques which will not be discussed in this chapter as the chemicals 
usually employed in two-bath flameproofing processes are not of this type. 
It may, however, be understood that if non-substantive chemicals are 
used which react together on the fabric to form an insoluble product, the 
second material applied may be said in a sense to be substantive since 
this chemical is removed from the solution by reacting with the chemical 
already present on the fiber. The second material may therefore be prefer- 
entially removed from the second impregnating bath resulting in a gradual 
decrease in concentration. This is to some extent similar to the conditions 
obtained when substantive materials are used and the chemicals are 
preferentially removed by the fibers thus decreasing the concentration of 
said chemical in the solution. 

These principles are important and should be kept in mind when the 
two-bath methods of application are used since under these conditions the 
concentration of the second solution must be continually adjusted in 
order to obtain a uniformly treated fabric. Methods of minimizing and to 
some extent overcoming these difficulties will be further described. 

The application of chemicals to textile fabrics involving two separate 
impregnations is therefore not difficult provided the two materials do not 
have a substantial affinity for each other, that is, do not react together 
quickly to form new compounds. For example, the impregnation with a 
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hot solution of sodium pyrophosphate followed by drying and impregna- 
tion with a cold solution of ammonium phosphate does not represent a dif- 
ficult problem since the two do not react quickly to form a new compound. 
On the other hand the impregnation with a solution of soda ash followed 
by drying and a second impregnation with magnesium chloride is a diffi- 
cultly controllable process due to the rapid reaction between the two salts. 

If the second component reacts with the first to form an insoluble prod- 
uct the relative quantities of chemicals applied should be so adjusted that 
a minimum quantity of unreacted chemicals remains on the fabric. It is, 
however, desirable in certain cases where one component has a detri- 
mental action upon the fiber to insure, the presence of an excess of the 
nontendering component. For example, in the two-bath application of 
zinc acetate and diammonium hydrogen phosphate the latter comi>onGnt 
should not be present in excess upon the finished fabric since tendering will 
result during drying and storage. The excess of diammonium phosphate 
could be removed by cold water leaching, but this would involve an extra 
operation. 

The mechanical operations involved in two-bath applications may for 
convenience be divided into two systems. First, those in which the fabric 
passes without drying from one impregnation directly to the second im- 
pregnation; and second, those in which the fabric is partially or com- 
pletely dried between the first and second immersions. Of these methods 
the one using complete drying is most easily controlled although it cannot 
be used where the first component has a detrimental degrading effect 
when dried into the fibers being processed. The wet method and the (mo 
using partial drying are more difficult to control, the latter especially, due 
to the difficulty in adjusting the fabric to a uniform moisture content })rior 
to the second impregnation. 


(1) Wet Method of Application 

The most widely used method of size application is by imprcRnation 
which in this case means bringing the fabric into contact with the solution 
and then removing the excess by squeezing through two or more rollers. 
The type of equipment used for this purpose is usually referred to as a 
mangle or padder and the process as mangling or padding. A mangle may 
consist, as already stated, of two, three or more squeeze rollers but only 
^e first two types will be discussed here. In the two-roll mangle the cloth 
is brought into contact with the solution once by using one or more dips 
and then squeezed, while in the three-roll mangle the fabric may, if so 
desired, be dipped into the solution twice and squeezed after each immer- 
sion. The squeeze rolls may be of rubber, either natural or synthetic, steel, 
brass, husk or wood, but usually rubber and steel rolls are used. 

The solution boxes attached to the mangles may be of any material not 
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detrimentally reacted upon by the solution chemicals. Stainless steel is 
usually preferred. The boxes may have one or more dips so that the cloth 
may be kept in contact with the solution for a short time before the 
squeezing takes place. This is important especially where heavy, poorly 
absorbent fabrics are used or where contact between the fabric and the 
solution for a certain length of time is necessary to allow a reaction to 
take place such as may occur in the second solution box when the chemi- 
cals in the second solution react with those already present on the fabric. 



Figure 12. Continuous range for the treatment of fabrics by double-bath processes. 


The mangles used in the wet application may be operated separately; 
for example, the first solution may be applied and the fabric batched in 
roll form. This wet roll is then taken to a second mangle and the second 
solution applied. The same mangle may, of course, be used for both im- 
pregnations by changing solutions. The process may also be conducted 
continuously by placing two mangles in tandem and having the cloth 
pass directly from the first mangle to the second, thus completing both 
impregnations in one operation. 

The squeeze exerted by the two mangles is very important. It is essential 
that the first mangle exert a heavy squeeze, producing a solution pickup of 
approximately 50% by weight. The second mangle should then allow an 
additional 50% pickup from the second bath for a total of 100%. In a 
process of this type only a short contact with the second solution is neces- 
sary in order to obtain the additional 50% solution pickup. It is possible, 
therefore, to avoid a deep dip into the second bath with the attendant risk 
of leaching off some of the first component. Contact with the second solu- 
tion may be accomplished by passing the fabric under a bar just below 
the surface of the solution or the cloth may pass directly through the 
squeeze nip. In the latter instance, the lower roll is partially immersed in 
the bath and serves to bring the solution up to the fabric. In any case, the 
desired reaction between the two constituents takes place prior to or dur- 
ing drying. From the standpoint of control, this type of application is 
highly desirable. 

As an example of this method, in applying the 'Terkin” flameproofing 
process the concentrations of the sodium stannate and ammonium sulfate 
solutions are so adjusted that a 50% pickup from each solution assures 
the proper concentration of chemicals in the cloth. During the subsequent 
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drying a fine deposit of tin oxide is formed on the fabric leaving only a 
negligible amount of excess unreacted chemicals. 

Another method of wet application may be used with success^ provided 
the chemicals of the first impregnation do not dissolve readily in the 
second bath but are quickly converted into the insoluble form. It consists 
in impregnating the fabric with the first solution^ using a heavy squeeze if 
possible, and then bringing the fabric into contact with the second solution 
for a sufficient time to insure complete combination of the first and second 
chemicals into the desired compound. The cloth is then finally squeezed 
before drying. In this case the second bath should be agitated, preferably 
by an outside circulating pump, to insure uniformity of the solution. A 
concentrated solution of the chemicals in the second bath should continu- 
ously be added into the suction line of the pump and the bath analyzed 
periodically as a means of maintaining constant composition. This method 
is not applicable to the Perkin process, where the final insoluble tin oxide 
is formed during the drying, but only to a process where the final insoluble 
product is formed in a water medium by precipitation. This method is 
wasteful since the cloth when leaving the second bath will carry with it a 
certain quantity of unreacted chemical in addition to that already com- 
bined with the chemicals from the first bath. 

The equipment used in the final drying operation may be of any con- 
ventional textile design such as hot can dryer, flue dryer, loop dryer or 
frame dryer. Infrared drying lamps or electronic drying may be resorted 
to but the cost of such methods is prohibitive. In the hot can dryer, the 
cloth is dried by passing over a series of heated cans; in the flue dryer tlie 
cloth passes vertically over a series of rollers inside a drying eliaml)er; in 
the loop dryer the cloth is hung in a series of loops on bars which move in 
endless chains inside a drying chamber; in the frame dryer the cloth is 
held by clips at the selvages under width tension while passing through 
the drying chamber. 

The frame dryer is very desirable since the width of the cloth may be 
controlled in this machine. Frequently the drying capacity is increased by 
installing in front of the frame a small number of hot cans or a small flue 
dryer. This combination constitutes the best equipment available. 

The heat may be supplied to these units by steam-heated coils or by 
direct or indirect gas or oil burners. However, superheated steam coils are 
the most common source of heat. The cost of electric heating is generally 
prohibitive. 

The temperatures used in the different drying units may vary between 
wide limits but will usually be between 250° and 350° F. Below 250° F. 
the drying becomes excessively long and above 350° F. damage to the 
fabric may result during machine stoppage. 
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(2) Dry Method o/ Application 

As previously stated, the dry method may be divided into two categories, 
those in which the cloth is completely dried between the two impregna- 
tions and those in which the cloth is only partially dried. 

The first method mentioned is the most reliable of all the double-bath 
processes since it brings the chemicals in the first bath into intimate con- 
tact with the fabric by drying them into the fabric. Also, since the cloth 
enters both impregnating baths in the dry state, the chemical add-on can 
be carefully controlled in both applications. 

The method is limited in its application by the type of chemicals applied. 
Thus the process is not adapted to compounds having a deleterious effect 
when dried upon the fibers, or to compounds which alter their character 
during drying so that the desired combination with the chemicals in 
the second bath does not occur. 

To obtain uniformity it is recommended that the fabric be cooled to 
room temperature after the first drying. This is done, first, to insure uni- 
form absorbency when immersing in the second bath; and, second, to 
prevent the hot dry fabric from overheating the second solution, thus 
causing non-uniform impregnation and possible decomposition of the 
chemicals in the bath. 

The drying equipment used in the intermediate drying may be the same 
as that used in the final drying as already described. 

As previously stated in the discussion of the wet method, the two im- 
pregnations and dryings may be conducted in one, two or several steps. As 
far as labor cost is concerned, the one-step method is the best. The equip- 
ment in this case would consist, for example, of a three-roll impregnating 
mangle, a flue dryer with cooling attachment, another three-roll impreg- 
nating mangle and a drying frame all placed in tandem so that the cloth 
would enter the first mangle dry in one end and emerge from the frame 
fully impregnated and dried. 

The first impregnation and drying could also be conducted in one step 
followed by another separate impregnation and drying. The slowest 
method of operation, and therefore the costliest from the standpoint of 
labor, consists in dividing the process into four separate operations con- 
sisting of two steps each of impregnation and drying. This method of 
production may, however, be improved by using a high speed impregna- 
tion mangle feeding two drying units followed by another similar opera- 
tion. 

The use of the semidrying method is the least desirable of the processes 
so far described. It follows the same procedure as previously outlined ex- 
cept that the fabric is only partially dried after the first impregnation. In 
practice it is impossible to adjust the residual moisture content with any 
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degree of accuracy and it therefore becomes difficult to control the quantity 
of solution picked up in the second bath. If, however, an insoluble com- 
pound is formed quickly on the fiber when the fabric is immersed in the 
second bath and this conversion is complete or nearly so before leaving 
the second bath, the degree of moisture present after the preliminary 
drying is of no great consequence. The loss in chemicals from the second 
solution would however be excessive since the solution carried out by the 
cloth from the second bath would contain unreacted chemicals. 

In most cases the semidry method is used to insure suflicient pickup in 
the second impregnation. This, however, can also be accomplished as 
previously described by using the wet method witH 50% pickup in the first 
impregnation and 100% pickup in the second impregnation. 

It is possible with the semidry as with the wet method to use chemicals 
which have a deleterious effect when dried upon the fibers or which are 
altered during drying, provided the moisture content during the prelimi- 
nary drying is kept at a certain minimum value depending upon the 
chemicals in question. This, however, makes it imperative that the drying 
procedure be run continuously without interruption as any stoppage 
would completely dry the material in the dryer. This drawback can be 
reduced to a minimum by good supervision. 

The final drying procedure in the dry as well as the semidry method of 
application is conducted by methods and with equipment previously 
described. 

The two-bath methods described all use an immersion technique in 
applying the two solutions and this is the most commonly used procedure. 
It is also possible, however, to apply the solutions by spraying. In this case 
such difficulties as changes in concentration and composition of the second 
solution may be eliminated. In some cases both solutions may be applied 
by spraying or, better still, the first solution is applied by immersion and 
the second solution by spraying. 

The spray method has however some serious drawbacks which make it 
impractical for large-scale production except in very special cases. These 
are, first, the penetration obtained is poor, especially in heavy fabrics; 
second, it is difficult to control the quantity of solution applied and the 
uniformity of deposit; and, third, the wastage of solution is generally 
excessive. 

The two-bath processes described presuppose the use of aqueous solu- 
tions to dissolve or disperse the chemicals. Lately, however, a method has 
been developed which employs a water-soluble organic solvent medium 
in the first bath rather than water. This allows the mixing of the two com- 
ponents together with other chemicals in the same solution without the 
required reactions taking place. The solution is applied by immersion and 
then usually dried. This is followed by a second immersion in water where 
the reaction between the two components takes place forming the desired 
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insoluble product. It is also possible to include in the aqueous second bath 
additional constituents which contribute to the flameproofing or, as in 
the case of special resinous treatments, impart a greater degree of perma- 
nence to the finish. In like manner, other desirable characteristics such as 
water repellency may be introduced at this stage of the finishing process. 

As an example of this type of process, one of the durable flame-resistant 
treatments which has been employed commercially in this country^® 
makes use of a glycol ether solution of zinc chloride and sodium borate. 
After immersion in this first bath the deposition of the insoluble reaction 
products can be achieved by a second immersion in an aqueous medium 
or by allowing slow hydrolysis and double decomposition to occur in the 
course of exposure of the treated fabric to humid atmospheric conditions. 
For practical reasons and to serve as an illustration of the type of process 
under consideration, it may be assumed that the immersion in the organic 
solvent solution is followed directly by a second aqueous bath. 

This type of flameproofing treatment possesses the disadvantages of in- 
creased costs in using an organic solvent in place of water in the first bath 
and the fact that the regular textile equipment commonly employed com- 
mercially is not particularly well adapted to handle organic solvent 
solutions. 

In this section an effort has been made to present the general techniques 
used in the application of two-bath flameproofing processes. With slight 
modification either one or the other of these methods may be used de- 
pending upon the chemicals and reactions involved. The two-bath methods 
of obtaining durable or semidurable flameproofing properties have been 
little used in this country until recently, one reason being the lack of in- 
terest and requisition for durable flameproofing finishes. In England, 
however, the need for such properties in textiles was early recognized and 
there the two-bath processes have been extensively employed. 

3. Metallic Oxide-Chlorinated Body Type 
a. Fundamentals of Processes 

S. Coppick 

The use of metallic oxides alone as fireproofing agents as advocated by 
Perkin et suffers from several disadvantages. In the first place 

these treatments are not permanent in the ordinary sense of the word 

Perkin, W, H., Proc. Eighth Int. Cong. Applied Chem., 28, 119 (1912); Quar. 
Nat’l. Fire Prot, Assn, 6, 179 (1912); Natl. Fire Prot. Assn. Educ. Bui. T> 37 (Boston, 
1912). 

2® Perkin and Bradbury, Brit. Patents 17814, 17815 (1913); Perkin and Whipp 
Bros., and Tod, Brit. Patents 9695, 23557 (1901), 6421, 8509, 9620 (1902), 24222 (1903), 
22169 (1904). 
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since they usually lose their retardant qualities fairly rapidly on leaching 
and laundering. The second disadvantage is the enhancement of the flame- 
less combustion characteristics which the oxides impart to cellulose. 

In efforts to offset these features which limit the application of the 
processj numerous formulations have been proposed for combinations of 
the metallic oxides with other materials. The function of the extra com- 
ponents is presumed to include the mechanical bonding of the pigment to 
the fiber, to aid in its practical application, to decrease the abnormal glow- 
ing tendencies which accompany the oxide treatment, to improve the hand 
or color and to inhibit the tendering encountered during weathering or 
storage. Of the large number of ingredients advocated, the main com- 
ponent appears to be the binder. This is generally a resinous substance 
which in itself has little or no flaming tendencies and most commonly 
is either a chlorine addition or substitution product such as polyvinyl 
chloride, the copolymer of vinyl chloride and vinyl acetate, chlorinated 
paraflSn, diphenyl, naphthalene, or certain halogen substitution products 
or carbocyclic compounds. The mechanism whereby these materials con- 
tribute to the flame and glow-retarding tendencies is assumed to be either 
in their coating properties to exclude oxygen or their ability to produce 
hydrogen chloride at flame temperatures to dilute the ambient com- 
bustible atmosphere. The combination of the metallic oxide with the 
chlorinated body is thought^ to be particularly advantageous since the 
former is presumed to act catalytically as a dechlorinating agent to pro- 
mote rapid hydrogen chloride production at temperatures in the vicinity 
of that at which fabric decomposition ensues. 

Studies of Individual Components. The system on which the most 
recent and extensive practical efforts have been directed is that involving 
antimony oxide and a chlorinated body. It would appear that since tliis 
process is of such practical interest and considerable information is avail- 
able on its industrial application and actual performance, it would be ideal 
as a basis for fundamental investigations. Such appears to be the case also 
from an experimental point of view, since the individual components alone 
appear to be practically inactive in retardant action while certain com- 
binations are very effective. It is therefore possible to study the system 
without the added complication of varied summative effects. 

In fundamental studies on the three-component system: cellulose-anti- 
mony oxide-chlorinated body, it is at once apparent that as many as 
possible of the interdependent variables should be eliminated. Thus appli- 
cation of combinations by direct emulsion or solvent treatments are 
hazardous since each of the components may influence the state and loca- 
tion of the other. A simpler attack is to apply them separately so that 

Leatherman, M., Major, C.W.S., Memorandum Report, T.D.M.R. No. 936, Army 
Service Forces, OflGice, Chief, Chemical Warfare Service, Edgewood Arsenal, Md. 
(Dec. 2, 1944). 
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component and combination effects may be considered on the same basis. 
This is accomplished conveniently by impregnation of fabrics with the 
oxide via a dispersion in 2% aqueous methyl cellulose, the binder having 
been shown to exert an effect similar to an equal added quantity of cel- 
lulose itself. The chlorinated body is applied as a solution in an organic 
solvent such as carbon tetrachloride, trichlorethylene or acetone, and com- 
binations of the two components are added to fabrics both in the above or 
in the reverse order. 

Investigations on the components alone indicate that the antimony 
oxide has only a slight flame-retarding effect on cotton fabric. Although 
capable of eliminating afterflaming in the mild vertical test only for very 
high additions, the oxide exhibits no appreciable retardation of flaming 
when measured by the more drastic 45° and horizontal testing procedures. 
Similarly, chlorinated paraffins of various chlorine contents and vinylites 
have only slight retarding effects when added to fabrics. For the most part 
they simply reduce slightly the rate at which flame is propagated, as 
shown in Table 25. 

Table 25. The Effect of Various Chlorinated Materials and Their Combinations With 
Antimony Oxide on the Flaming Characteristics of Fabrics 
{Approximately Jfi% add-on and weight ratios of 1 : 1) 



Chlorine 


AfterHaming (secs.) 

Flame Rate 

Retardant 

Content 


Ver- 


Hori- 

in./eec. 

Component 

% 


tical 

45° 

zontal 

45“ 

None 

— 

— 

30 

> 60 

> 60 

0.86 

Antimony oxide 

0 

alone 

0 

40 

> 60 

0.57 

Pentachlorodiphenyl 

54 

alone 

35 

> 60 

> 60 

0.37 



combined 

0 

9 

> 60 

0 

Neoprene 

40 

alone 

35 

45 

59 

0.56 



combined 

0 

1 

0 

0 

Chlorinated paraffin 

42 

alone 

60 

> 60 

> 60 

0.81 



combined 

0 

0 

21 

0 

Chlorinated paraffin 

70 

alone 

42 

> 60 

> 60 

0.81 


combined 

0 

0 

0 

0 

Vinylite 

50 

alone 

60 

> 60 

> 60 

0.65 


combined 

0 

0 

0 

0 

Aniline hydrochloride 

27 

alone 

38 

> 60 

> 60 

0.32 


combined 

0 

0 

0 

0 


With combinations of the two materials, however, the retardation is 
very effective. For a given addition of the chlorinated body there exists a 
minimum add-on requirement of Sb^Og to limit the afterflaming to zero 
in each of the three flame tests. It is seen further that the relative effi- 
ciencies of the chlorinated materials are in direct proportion to their 



